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CHAPTER  1 


INTRODUCTION 

The  problem  of  designing  the  piles  in  a  closely-spaced  group 
for  lateral  loading  is  not  new;  highway-bridge  foundations,  lock,  and 
dar.i  structures  and  waterfront  structures  have  utilized  groups  of  piles 
for  support  of  such  loadings.  During  the  last  20  years,  offshore 
development  has  moved  into  areas  of  severe  environmental  conditions 
and  into  deeper  water  and  has  prompted  increased  interest  in  the 
behavior  of  pile  groups.  Ice  loads  in  the  arctic  and  severe  storm 
loads  in  the  North  Sea  have  encouraged  the  design  of  platforms  with 
fewer  tower  legs  to  minimize  exposure,  thus  resulting  in  more  concen¬ 
trated  foundation  loading.  A  solution  to  the  problem  of  supporting 
these  increased  loads  has  been  the  use  of  driven  piles  in  closely 
spaced  groups,  as  illustrated  in  Fig.  1.1.  Piles  in  such  close  prox¬ 
imity  subjected  to  lateral  loading  are  influenced  by  the  existence  of 
similarly  loaded  piles  nearby,  a  situation  characteri zed  by  Wright 
(1982)  as  one  of  "pile-soil-pile  interaction." 

The  purpose  of  this  study  is  to  investigate  the  nature  of  this 
"pile-soil-pile  interaction"  and  to  attempt  to  identify  important  fac¬ 
tors  which  influence  the  behavior  of  groups  of  piles  in  clay  subjected 
to  lateral  load.  An  emphasis  Is  placed  on  developing  important  prin¬ 
ciples  to  be  included  in  the  design  of  pile  groups  for  lateral  load; 
engineers  presently  have  little  quantitative  information  upon  which  to 
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develop  judgement.  To  this  end,  a  major  part  of  this  study  is  devoted 
to  conducting  a  large  scale,  well -instrumented  experiment  designed  to 
provide  such  quantitative  information. 

A  review  of  present  understanding  of  the  behavior  of  piles  and 
pile  groups  is  made  to  provide  a  background  for  the  experimental 
study.  This  review  is  begun  in  Chapter  2  with  a  discussion  of  common 
design  methodology  for  single  piles  in  clay  subjected  to  lateral  load¬ 
ing.  Concepts  of  load  transfer  using  the  Winkler  model  and  p-y  curves 
are  reviewed,  along  with  correlations  of  load  transfer  to  soil  proper¬ 
ties.  The  effects  of  cyclic  loading  on  pile  response  are  also  dis¬ 
cussed  . 

Summarized  in  Chapter  3  are  concepts  and  observations  on  the 
effect  of  pile  installation  on  the  behavior  of  piles  and  the  surround¬ 
ing  soil,  an  aspect  of  the  pile  problem  which  is  not  well  understood. 
Commonly  used  design  procedures  correlate  pile  behavior  with  soil  pro¬ 
perties  that  are  measured  prior  to  pile  installation;  the  correlations 
are  semi-empirical  in  that  they  are  based  principally  on  experimental 
results.  An  appreciation  of  the  effects  of  pile  installation  is  cru¬ 
cial  to  prevent  misapplication  of  such  correlations. 

Major  design  considerations  for  piles  in  closely-spaced  groups 
are  outlined  in  Chapter  4.  These  design  approaches  are  contrasted 
with  those  used  for  single  piles.  Several  commonly  used  analytical 
models  are  described,  and  the  fundamental  assumptions  used  in  these 
models  are  identified. 

Chapter  5  contains  a  review  of  previous  experimental  work  with 
pile  groups  subjected  to  lateral  loading  and  thus  places  the  current 


experimental  study  within  the  framework  of  the  history  of  the  subject. 
The  discussion  reveals  the  lack  of  carefully  performed,  well  instru¬ 
mented,  large-scale  tests;  the  design  of  pile  groups  for  lateral  load¬ 
ing  is  based  upon  a  very  limited  data  base. 

The  testing  program  is  described  in  detail  in  Chapter  6.  This 
description  includes  a  discussion  of  the  site  conditions  and  soil  pro¬ 
perties  as  well  as  a  description  of  the  instrumentation  and  loading 
procedures.  Observations  of  the  behavior  of  the  piles  and  surrounding 
soil  during  the  test  are  also  included. 

The  measured  response  of  the  pile  group  is  presented  in  Chap¬ 
ter  7.  Variation  in  behavior  of  the  individual  piles  with  respect  to 
geometric  position  is  examined.  Results  of  an  earlier  single-pile, 
load  test  are  also  presented  and  compared  with  the  results  of  the 
group-load  test. 

The  methods  of  analysis  described  in  Chapter  4  are  used  to 
predict  the  behavior  of  the  group;  these  predictions  are  compared  with 
measured  test  results  in  Chapter  8.  The  single-pile  results  are  used 
to  "calibrate"  these  analytical  models  to  the  extent  possible.  The 
suitability  of  the  fundamental  concepts  used  as  a  basis  for  the  vari¬ 
ous  methods  is  examined. 

As  one  might  expect,  the  analytical  models  described  in  Chap¬ 
ter  8  leave  room  for  improvement.  In  an  attempt  to  respond  to  the 
challenge  of  "what  would  you  do  if  you  had  to  design  a  pile  group  for 
cyclic  lateral  loading,"  recommendations  for  design  are  provided  in 
Chapter  9.  As  with  most  experimental  investigations,  a  thorough  and 
quantitative  understanding  of  fundamental  principles  does  not  emerge; 


4 


ains  a  brief  summary  of  the  results  of  the  stu- 
that  were  made.  Recommendations  for  further 


CHAPTER  2 


BEHAVIOR  OF  SINGLE  PILES  UNDER  LATERAL  LOAD 


INTRODUCTION 

An  understanding  of  the  behavior  of  pile  groups  under  lateral 
lor'd  first  requires  a  consideration  of  the  behavior  of  single  piles 
under  similar  loading  conditions.  The  purpose  of  this  chapter  is  to 
provide  a  very  brief  review  of  the  current  practice  in  the  design  of 
single  piles  for  lateral  load  as  a  basis  for  subsequent  discussions  of 
pile  group  behavior  Much  research  remains  to  be  done  before  a  thor¬ 
ough  and  complete  understanding  of  single  piles  is  achieved,  a  fact 
which  makes  the  pile  group  problem  all  the  more  difficult. 

Three  broad  approaches  to  the  analysis  of  single  piles  under 
lateral  loading  have  received  the  attention  of  geotechnical  engineers. 
These  are: 

1.  consider  the  pile  as  a  beam  on  an  elastic  continuum  (Pou- 
1 o  s ,  1971), 

2.  model  the  soil  as  a  series  of  closely  spaced  discrete 

springs  with  no  coupling  of  adjacent  soil  elements  (Wink¬ 
ler,  1867),  and 

3.  model  the  soil  using  the  finite  element  approach  (Desai 

and  Appel ,  1976) . 

The  Winkler  assumption  is  used  in  the  vast  majority  of  design  proce¬ 
dures  currently  in  use  due  to  the  fact  that  it  is  simple  to  use  and  is 


easily  modified  to  account  for  nonlinear  soil  response  and  loss  of 
soil  resistance  during  cyclic  loading.  Analytical  procedures  using 
this  approach  have  been  "calibrated"  using  experimental  results,  thus 
encouraging  their  use  in  routine  design.  Elastic  continuum  models  are 
used  frequently  for  problems  involving  only  small  soil  strains,  sucn 
a;  dynamically  loaded  foundations.  The  finite  element  method  has  not 
realized  widespread  use  for  the  design  of  piles  under  lateral  load  due 
to  problems  in  establishing  constitutive  laws  for  soil  at  large 
strains,  as  well  as  the  generally  greater  computational  effort 
required.  The  finite  element  approach  presently  remains  a  research 


tool  . 


The  discussion  which  follows  will  concentrate  on  the  approach 


using  the  Winkler  assumption  for  soil  response. 


GOVERNING  EQUATIONS 

The  governing  differential  equation  for  a  beam  on  elastic 
(W; nkl er-type)  soil  has  been  derived  by  Hetenyi  (1946)  and  is  pre¬ 
sented  as 


El  5^  *  p*  0  '  p  -  “  *  0 


where : 


=  axial  load  on  the  pile, 

=  lateral  deflection  of  the  pile  at  a  point  x  along  the 
1 ength  of  the  pile, 

=  soil  reaction  per  unit  length, 

=  flexural  rigidity,  and 

=  distributed  load  along  the  length  of  the  pile. 


Other  beam  formulae  which  are  useful  in  the  analysis  are: 


El 


d3y 
dx3  = 


V 


El  ,  « 
dx2 


dj£.  = 

dx 


S 


where : 

V  =  shear, 

M  =  bending  moment  of  the  pile,  and 

S  =  slope  of  the  elastic  curve. 

The  solution  to  the  governing  differential  equation  for  a  giv¬ 
en  problem  is  typically  obtained  using  finite  difference  techniques, 
and  is  a  well-established  procedure  in  geotechnical  engineering.  The 
key  to  successful  use  of  the  method  is  an  accurate  description  of  the 
soil  response  to  load. 


SOIL  RESPONSE 
General 

Soil  response  in  the  governing  equation  above  is  typically 
described  by  relating  soil  resistance,  p,  to  the  deflection,  y,  at  a 
given  point  on  the  pile,  using  a  nonlinear  relationship  commonly 
called  a  p-y  curve.  Note  that  the  soil  resistance,  p,  is  really  the 
integrated  change  in  soil  stress  on  the  pile  for  a  given  pile  incre¬ 
ment.  The  distribution  of  pressure  on  the  face  of  the  pile  is  there¬ 
fore  not  considered  directly.  The  concept  of  the  p-y  curve  is  well 
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established  in  the  technical  literature.  Figure  2.1  illustrates  a 
typical  p-y  curve  along  with  a  representat i on  of  the  beam  solution 
using  the  Winkler  assumption.  Note  that  tne  soil  resistance  is 
represented  by  a  nonlinear  spring  coupled  to  a  sliding  block;  one 
sliding  block  is  used  to  represent  the  soil  resistance  at  which  shear¬ 
ing  and  unlimited  soil  deflection  takes  place.  The  p-y  relationship 
is  implemented  in  the  code  C0M622  (Reese,  1977)  by  computing  a  secant 
modulus  of  soil  reaction,  E$  (units  of  force/area),  where: 

-p  =  E$y 

After  solution  of  the  series  of  equations  ( representi ng  each  pile 
increment  and  p-y  curve),  new  values  of  are  computed  and  the  sol¬ 
ution  repeated.  This  iteration  continues  until  convergence  to  some 
small  error  in  the  p-y  and  E$  relationship. 

Analytical  Bases  for  p-y  Curves  in  Clay 

Although  the  methods  presently  used  to  construct  p-y  curves 
were  derived  primarily  from  duplicating  experimentally  determined 
curves,  the  methods  are  based  on  soil  mechanics  principles.  A  brief 
review  of  these  principles  is  provided  below;  with  details  of  existing 
recommendations  for  constructing  p-y  curves  presented  by  Reese  (1984). 

Initial  Modulus.  Terzaghi  (1955)  outlined  recommendations  for 
a  coefficient  of  subgrade  reaction  using  the  theory  of  elasticity  and 
some  experimental  results.  He  proposed  a  linear  relationship  between 
deflection  and  the  resistance  offered  by  the  soil  during  deflection, 
which  he  stipulated  to  be  valid  up  to  no  more  than  one-half  of  the 
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maximum  bearing  stress.  For  stiff  clays,  Terzaghi  suggested  values 
for  the  coefficient  of  vertical  subgrade  reaction,  k$,  as  follows: 


Consistency  of  Clay 

Stiff 

Verv  Stiff 

Hard 

Values  of  q  ,  ton/sq  ft 
u  (kN/m2) 

1-2 

(96-190) 

2-4 

(190-380) 

>4 

>380 

Range  of  k  ,  ton/cu  ft 
s  (kN/m3) 

50-100 

(15,700-31,400) 

100-200 

(400-62,800) 

>200 

>62,800 

Proposed  values  of  k^, 
ton/cu  ft 

75 

(23,600) 

150 

(47,100) 

300 

(94,200) 

(kN/m3 ) 

For  horizontal  subgrade  reaction  with  stiff  clays  Terzaghi  gave  the 
equati on : 

kh  =  ksl/1.5b 

where: 

kh  =  coefficient  of  horizontal  subgrade  reaction, 

k  ,  =  basic  value  of  coefficient  of  vertical,  subgrade 
■''i  reaction  (k$)  for  a  square  area  1  ft  in  width,  and 

b  =  width  of  pile  or  drilled  shaft. 

Note  that  adaptation  of  the  coefficient  of  subgrade  reaction  to  fit 

the  soil  modulus,  E  ,  leads  to: 

E  =  k,  b 
s  h 

Ultimate  Resistance.  Reese  (1958)  provided  models  for  the 
ultimate  resistance  to  lateral  movement  of  a  vertical  shaft  by  assum¬ 
ing  that  the  clay  around  the  pile  fails  as  a  sliding  block  or  as  a 
group  of  sliding  blocks.  The  failure  is  assumed  to  be  undrained,  with 


a  shear  strength  taken  equal  to  the  cohesion,  c,  and  the  angle  of 
internal  friction,  $,  equal  to  zero. 

At  some  depth,  the  soil  is  assumed  to  flow  around  the  pile  in 
a  condition  of  plane  strain,  unaffected  by  the  ground  surface.  The 
blocks  shown  in  Fig.  2.2  can  each  be  considered  as  samples  of  unit 
height  tested  to  failure  in  plane  strain  shear  tests.  As  the  pile 
moves  forward,  approaches  zero  on  block  E.  To  fail  block  E,  o ^ 
must  be  approximately  2c.  To  fail  block  D,  must  therefore  be 
approximately  4c.  Continuation  of  this  line  of  reasoning  leads  to  a 
value  of  10c  for  The  pile  must  therefore  overcome  10c  on  the 

front  face  plus  lc  on  each  side,  leiding  to  a  total  force  exerted  by 
the  pile  segment  on  the  soil  during  failure  of: 

Pu  =  12cb 

Failure  near  the  surface  can  be  modelled  conceptually  as  shown 
in  Fig.  2.3  by  a  wedge  of  soil  of  height  H.  This  wedge  offers  resist¬ 
ance  to  lateral  movement  by  the  cohesion  along  its  vertical  sides  and 
by  its  own  weight.  If  the  components  of  these  forces  in  the  horizon¬ 
tal  direction  are  summed  and  differentiated  with  respect  to  H,  the 

ultimate  resistance  per  unit  length  of  pile  will  be  as  follows: 

Pu  =  b(yH  +  OC  cot  8  +  2C  cot  9  +  2cH  9 ) 

where : 

T  =  submerged  unit  weight  if  the  soil  is  below  the  water 

table  and  total  unit  weight  if  the  soil  is  above  the 

water  table, 


a  =  reduction  factor  used  in  computing  the  vertical  force 
exerted  on  the  shaft  along  its  length  by  the  adhesion  of 
the  wedge,  and 

8  =  angle  defined  In  Fig.  2.3. 

If  the  side  friction  along  the  pile  is  ignored  and  8  is  assumed  to  be 
45°,  the  equation  above  reduces  to: 

Pu  =  b(  *H  +  2c  +  Jc  jj- ) 

where 

J  =  2  sec  45°  =  2.83 

Note  that  according  to  these  equations,  the  ultimate  resistance  at  the 
surface  is  2c.  An  ultimate  resistance  of  3c  at  the  ground  surface  is 
typically  assumed  in  existing  methods  for  constructing  p-y  curves  to 
correlate  these  equations  with  experimental  results. 

Obviously  the  models  for  ultimate  resistance  and  initial  soil 
modulus  described  above  are  crude  simplifications  of  the  way  in  which 
saturated  clay  would  really  behave  in  resistance  to  lateral  loading. 
However,  these  models  have  been  used  as  a  point  of  departure  for  the 
derivation  of  design  expressions  from  experimental  results. 

Cyclic  Loading.  Another  advantage  cited  earlier  leading  to 
the  use  of  the  Winkler  assumption  with  nonlinear  p-y  curves  is  the 
relatively  straightforward  way  in  which  the  effects  of  cyclic  loading 
can  be  accommodated.  Major  experiments  performed  using  repetitive 
loading  have  indicated  that  the  ability  of  the  soil  to  resist  load  can 
be  dramatically  reduced  with  Increasing  cycles  of  load.  The  relative 
importance  of  various  factors  contributing  to  this  loss  are  not  well 


understood  and  remain  the  subject  of  much  research.  A  good  review  of 
current  thinking  on  the  matter  is  provided  by  Long  (1984).  Factors 
known  to  be  important  include  the  gapping  and  scour  which  takes  place 
immediately  adjacent  to  the  pile  and  the  buildup  of  excess  pore  pres¬ 
sures  from  cyclically  applied  shear  stresses.  Each  of  the  p-y  crite¬ 
ria  outlined  by  Reese  (1984)  provides  a  means  of  accommodating  cyclic 
loading  effects  to  force  agreement  with  experimental  results;  however, 
the  present  lack  of  understanding  of  factors  contributing  to  these 
effects  makes  it  difficult  to  extrapolate  these  experimental  results 
to  other  soil  deposits  or  even  conditions  of  loading  other  than  those 
used  in  the  tests. 

Determination  of  Soil  Properties  for  Design.  Each  of  the  spe¬ 
cific  p-y  criteria  described  by  Reese  (1984)  is  based  upon  correlation 
of  test  results  with  some  measure  of  undrained  shear  strength.  It  is 
a  well  established  principle  of  soil  mechanics  that  the  shear  strength 
of  soil  is  a  function  of  the  effective  stresses  at  failure  (if  in  fact 
failure  is  definable).  The  use  of  an  undrained  analysis  in  a  field 
loading  situation  thus  requires  that  the  tests  used  to  predict  the 
shear  strength  of  soil  accurately  model  the  changes  in  effective 
stresses  in  the  field.  The  following  should  be  considered. 

1.  It  is  currently  not  possible  to  predict  the  state  of 
stress  around  a  pile. 

2.  The  effect  of  disturbance  (by  pile  installation)  on  the 
soil  properties  is  not  well  known. 


3.  The  loading  conditions  used  in  the  typical  undrained  test 
methods  do  not  match  the  orientation  of  principal  stresses 
in  the  field. 

The  factors  listed  above  certainly  do  not  serve  to  enhance  confidence 
in  the  use  of  the  existing  design  criteria.  In  fact,  the  case  could 
be  made  that  the  use  of  unconsolidated,  undrained  triaxial  tests  or 
vane  shear  tests  to  determine  shear  strength  as  recommended  in  several 
of  the  p-y  criteria  is  little  more  than  correlating  p-y  curves  with  a 
sophisticated  index  test.  When  using  a  recommended  procedure  for  con¬ 
structing  p-y  curves  for  a  specific  project,  it  is  therefore  of  utmost 
importance  to  use  the  same  type  of  tests  and  test  conditions  for 
strength  measurement  as  was  used  in  developing  the  criterion.  The 
recipe  also  calls  for  a  teaspoon  of  skepticism  and  a  liberal  dose  of 
safety  factor  to  give  the  cook  a  better  night's  sleep. 

SUMMARY 

The  basic  factors  considered  in  the  design  of  single  piles  for 
lateral  loading  have  been  summarized,  along  with  a  brief  description 
of  the  method  of  analysis  most  commonly  used  for  this  situation.  This 
chapter  provides  a  basis  of  understanding  of  the  laterally  loaded  pile 
problem  from  which  to  begin  a  discussion  of  the  behavior  of  pile 
groups  under  lateral  load. 


CHAPTER  3 


EFFECTS  OF  INSTALLATION  ON  THE  BEHAVIOR  OF  GROUPS  OF 
PILES  UNDER  LATERAL  LOAD 


INTRODUCTION 

Research  into  the  behavior  of  piles  during  axial  loading  has 
recently  focused  considerable  attention  toward  the  effects  of  instal¬ 
lation  on  the  piles  and  surrounding  soil.  While  the  effects  of 
installation  are  recognized  to  influence  pile  response  greatly  during 
vertical  loading,  installation  effects  on  t h«»  behavior  of  pile  groups 
during  lateral  loading  has  frequently  been  neglected.  Such  neglect  is 
only  justifiable  if  an  intelligent,  rational  assessment  indicates  that 
pile  installation  either  has  little  influence  or  is  inherently  and 
correctly  accounted  for  in  the  analysis.  A  rational  assessment  of 
installation  effects  requires  a  fundamental  understanding  of  the 
behavior  of  the  piles  and  surrounding  soil  during  and  after  driving; 
although  many  aspects  of  this  behavior  are  poorly  understood  in  a 
quantitative  sense,  a  review  of  concepts  and  observations  should  be 
useful  at  this  point. 

1  •' s  chapter  will  provide  a  brief  summary  of  available  con¬ 
cepts  and  observations  of  the  effects  of  pile  installation  on  the 
behavior  of  piles  and  surrounding  soils,  with  an  emphasis  on  the 
influence  of  these  effects  on  the  performance  of  the  pile  group  during 
lateral  loading.  The  discussion  will  be  restricted  to  driven  piles  in 
clay.  This  analysis  will  show  that  the  effects  of  pile  installation 
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on  the  behavior  of  groups  under  lateral  loading  are  largely  determined 
by  the  following  factors: 


1.  displacement  of  the  soil  by  a  single  pile, 

2.  driving  sequence  and  spacing  (group  effects),  and 

3.  in-situ  soil  properties  (soil  effects). 

Th°se  factors  will  be  shown  to  influence  the  behavior  of  pile  groups 
by  the  following  mechanisms: 

1.  by  affecting  the  state  of  stress  in  the  ground,  and 

2.  by  producing  a  change  in  properties  of  the  clay. 

The  following  sections  of  this  chapter  will  discuss  each  of 
these  mechanisms  and  consider  the  manner  in  which  each  is  influenced 
by  the  aforementioned  factors.  Observations  of  the  behavior  of  the 
Houston  pile  group  will  be  included  in  the  general  discussion.  A 
detailed  discussion  of  the  installation  of  this  group  has  been  pre¬ 
sented  by  O'Neill,  Hawkins,  and  Audibert  (1982). 

EFFECT  OF  INSTALLATION  ON  THE  STATE  OF  STRESS  IN  THE  GROUND 

The  forced  entry  of  a  pile  into  the  soil  will  require  dis¬ 
placement  in  some  manner  of  a  volume  of  soil  equal  to  that  of  the 
pile.  As  soil  is  displaced  away  from  the  piles  the  direction  and  mag¬ 
nitude  of  the  principal  stresses  will  change,  both  temporarily  and 
permanently.  The  design  of  piles  for  lateral  loading  is  typically 
done  utilizing  some  measure  of  undrained  shear  strength  of  the  soil 
without  consideration  of  effective  stresses.  It  is  important  to 

understand  something  about  the  state  of  stress  in  the  soil  to  ensure 
that  the  undrai ned-strength  data  used  in  the  analysis  are  not  grossly 
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mi  srepresentative  of  field  conditions.  The  complexity  of  the  problem 


in  terms  of  both  theoretical  treatment  and  field  observations  has  pre¬ 


vented  a  complete  understanding  of  the  problem.  Nevertheless,  several 


factors  can  be  related  to  the  stresses  developed  in  the  soil.  Pile 


displacement,  pile  spacing,  and  in-situ  soil  properties  are  all  impor¬ 


tant  in  regard  to  change  in  in-situ  stresses. 


Soil  Displacement 


Obviously,  displacement-type  piles  such  as  closed-end  pipe  or 


precast  concrete  piles  will  have  the  most  significant  effect  upon  soil 


stresses,  as  indicated  by  well  known  problems  with  soil  heave  between 


and  around  the  piles.  Because  the  behavior  of  laterally  loaded  piles 


is  most  significantly  affected  by  the  soils  within  the  top  ten  diam¬ 


eters,  pipe  piles  driven  open-ended  may  not  produce  large  changes  in 


in-situ  stresses  in  the  zone  of  most  significance.  Five  or  more  diam¬ 


eters  of  penetration  are  often  required  for  a  plug  to  form  in  a  pipe 


pile.  Similarly,  preboring  may  also  significantly  reduce  stress 


changes  in  near-surface  soils;  however,  Ray,  Ulrich,  and  Malinak 


(  1979)  have  observed  substantial  soil  movements  ar.d  possibly  hydraulic 


fracturing  of  the  soils  during  pile  driving  as  a  result  of  wet-rotary 


predr i 1 1 i ng . 


Relatively  few  attempts  have  been  made  to  measure  earth  pres¬ 


sures  against  piles;  O'Neill  et  al  (1982)  emphasized  the  difficulties 


in  obtaining  reliable  measurements  due  to  temperature  sensitivity  of 


the  pressure  cells,  imperfect  contact  with  the  soil,  and  local  soil 


anomalies.  O'Neill  measured  earth  pressures  (total  stress  minus  pore 


pressure)  at  depths  of  20  to  40  ft  which  were  approximately  3  times 
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the  at-rest  (Kq)  pressures  in  a  stiff  clay.  However,  at  a  depth  of  9 
ft  in  a  zone  that  was  predrilled,  stresses  were  approximately  equal  to 
at-rest  pressures.  Koizumi  and  Ito  (1967)  measured  long-term  stresses 
in  a  sensitive  clay  that  were  approximately  twice  the  original  verti¬ 
cal  effective  stress.  Although  these  data  are  quite  limited,  they  do 
tend  to  imply  that  the  radial  effective  stress  may  likely  be  the  major 
principal  stress  subsequent  to  pile  driving. 

Recent  attempts  to  model  pile  installation  as  the  expansion  of 
a  cylindrical  cavity  (Ve sic,  1972;  Randolph,  Carter,  and  Wroth,  1979) 
have  also  tended  to  imply  that  the  radial  stress  becomes  the  major 
principal  stress  after  installation.  However,  the  behavior  of  soils 
within  the  top  5  pile  diameters  may  be  influenced  by  the  ground  sur¬ 
face  (boundary  effects)  to  the  extent  that  the  cavity-expansion  model 
is  not  a  reasonable  approximation  of  reality.  Much  additional  work  is 
needed  before  any  conclusions  beyond  broad  generalities  can  be  made 
about  the  effects  of  pile  displacement  on  the  state  of  stress  in  the 
soil.  The  situation  is  further  complicated  by  the  effect  of  driving 
nearby  piles. 

Spacing  of  Piles  in  a  Group 

One  would  intuitively  expect  that  large  radial  stresses  around 
a  pile  would  dissipate  with  increasing  distance  from  the  pile  face,  to 
a  level  eventually  equal  to  the  original  at-rest  pressure.  However, 
piles  driven  in  a  closely  spaced  group  would  tend  to  produce  stress 
overlap  in  the  soil  between  the  piles.  Additionally,  the  existence  of 
the  relatively  rigid,  unyielding,  previously  driven  piles  may  have  an 
effect  upon  stress  distribution  around  a  pile  as  it  is  driven.  There 
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exist  no  proven  analytical  models  capable  of  evaluating  these  effects, 
but  inferences  can  be  drawn  from  the  observations  of  Hagerty  and  Peck 
(1971).  They  observed  lateral  displacements  after  driving  of  as  much 
as  1  in.  for  piles  within  a  6-pile  group  of  12-in  -diameter  piles 
spaced  3  ft  on  center  in  soft  clay.  Additional  lateral  di splacements 
likely  occurred  during  driving,  but  pile  locations  were  not  estab¬ 
lished  until  after  completion  of  driving.  All  movements  tended  to  be 
away  from  the  most  recently  driven  piles.  Similar  measurements  by 
Bozozuk,  Fellenius,  and  Sampson  (1978)  indicated  lateral  movements  of 
up  to  7  in.  of  some  piles  in  large  group  of  concrete  piles  driven  in  a 
soft,  sensitive,  marine  clay.  A  conclusion  could  be  made  that  the 
pile  movements  were  in  response  to  an  increase  in  horizontal  stress 
and  proceeded  as  pore  pressures  dissipated  from  the  outside  in.  The 
distribution  of  stresses  would  be  expected  to  have  an  influence  on  the 
distribution  of  lateral  load  to  the  piles  within  a  group,  particularly 
in  a  group  in  which  the  piles  were  restrained  against  lateral  movement 
soon  after  driving. 

Observations  by  O'Neill  (1983,  personal  communication)  indi¬ 
cated  less  than  1/16  in.  lateral  movements  of  piles  in  a  9-pile  group 
of  10 . 75— i n . -di ameter  piles  spaced  3  diameters  on  center  in  overcon¬ 
solidated,  fissured  clay.  Although  predrilling  to  a  depth  of  10  pile 
diameters  was  used,  measurements  of  heave  indicate  that  considerable 
soil  compression  occurred  during  installation  (which  took  4  days). 
Therefore,  while  the  installation  of  a  group  of  closely  spaced  piles 
can  be  expected  to  affect  soil  stresses  significantly,  the  properties 
of  the  clay  appear  to  have  an  important  influence  as  well. 


Stress  conditions  in  the  soil  after  a  pile  is  driven  can  be 
significantly  affected  by  shear  strength  and  sensitivity  of  the  clay. 
Once  again,  the  scarcity  of  data  limits  the  strength  of  any  arguments 
or  conclusions,  but  implications  can  be  drawn  from  observations. 

The  two  wel 1 -documented  cases  of  stress  measurements  on  the 
piles  mentioned  earlier  tend  to  indicate  higher  stresses  in  stiff, 
overconsolidated  clays  after  driving.  This  trend  is  also  predicted  by 
the  cavity-expansion  model  (Randolph,  Carter,  and  Wroth,  1979;  and 
Ve sic,  1972).  Intuitively,  one  would  expect  stiff  clays  to  offer  more 
resistance  to  displacement.  Stiff  clays  typically  attain  their  stiff 
character  by  overconsolidation;  this  stress  history  may  result  in 
coefficients  of  at-rest  earth  pressure  greater  than  one.  While  ori¬ 
ginal  stresses  in  the  ground  have  been  thought  to  be  important  in 
relation  to  final  stresses  (Flaate,  1972),  the  model  of  Randolph  et  al 
indicates  that  the  stress  changes,  normalized  by  the  initial  value  of 
undrained  shear  strength  are  relatively  independent  of  the  ratio  of 
maximum  past  pressure  to  vertical  effective  stress  (OCR).  The  limita¬ 
tions  of  the  Randolph  model  with  regard  to  near-surface  soils  have 
been  addressed.  It  can  presently  be  stated  only  that  the  effects  of 
overconsolidation  and  at-rest  earth  pressures  on  stress  in  soils  near 
the  ground  surface  after  a  pile  is  driven  are  uncertain,  but  appear 
less  significant  than  the  effects  of  undrained  shear  strength.  Cer¬ 
tainly  several  factors  are  interrelated. 

The  differences  in  behavior  of  soft  and  stiff  clays  during  the 
driving  of  a  pile  is  at  least  partly  related  to  the  dilatancy  of 
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stiff,  overconsolidated  clays  during  shear.  Sensitive  clays  exhibit 
an  entirely  different  behavior  during  shear  due  to  a  breakdown  of  the 
clay  structure.  A  thin  zone  of  clay  near  the  pile  has  been  observed 
to  become  liquid  and  be  extruded  to  the  surface  adjacent  to  the  pile 
(Hagerty  and  Peck.,  1971;  and  Legget,  1950).  This  extrusion  can  result 
in  smaller  lateral  displacements  and  stresses. 


EFFECT  OF  INSTALLATION  ON  SOIL  PROPERTIES 

The  sometimes  drastic  changes  in  the  state  of  stress  in  the 
ground  discussed  in  the  previous  section  can  be  expected  to  produce 
changes  in  the  properties  of  the  clay.  Design  of  pile  groups  in  clay 
for  lateral  loading  is  almost  universally  done  on  the  basis  of  tests 
on  clay  in  a  relatively  "undisturbed"  state;  that  is,  tests  are  per¬ 
formed  on  undisturbed  samples  or  are  performed  in  situ  prior  to  pile 
driving.  An  understanding  of  the  potential  changes  in  soil  properties 
during  and  after  driving  is  Important  to  understanding  and  predicting 
behavior  of  a  pile  group  during  subsequent  loading.  The  following 
sections  review  the  effect  on  soil  properties  after  driving  as  influ¬ 
enced  by  displacement  of  an  individual  pile,  pile-group  spacing,  and 
in-situ  soil  properties. 

Soil  Displacement  by  a  Single  Pile 

Casagrande  (1932)  was  one  of  the  first  to  examine  the  effect 
of  pile  driving  on  the  properties  of  clay.  He  concluded  that  the  clay 
would  be  completely  remolded  within  a  distance  of  0.5  diameters  of  a 
displacement  pile  and  largely  remolded  within  a  distance  of  1.5  diam¬ 
eters.  This  conclusion,  together  with  his  research  into  the  proper- 
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ties  of  remolded  clays,  resulted  in  concern  that  disturbance  caused  by 
pile  driving  might  actually  result  in  increased  settlement  of  struc¬ 
tures  supported  by  friction  piles  in  soft  clay  relative  to  that 
expected  for  spread  footings.  Measurements  by  Cummings,  Kerkhoff,  and 
Peck  (1950)  of  the  shear  strengths  and  water  contents  near  piles  after 
periods  of  up  to  eleven  months  after  driving  revealed  an  increase  in 
shear  strength  and  a  decrease  in  water  content  in  this  zone  of 
remolded  soft  clay.  A  lively  debate  ensued  regarding  the  relative 
merits  of  friction  piles  in  reducing  settlements.  Rutledge  (1950) 
proposed  that  the  increased  strength  could  be  explained  by  the  follow¬ 
ing  sequence  of  events  (see  Fig.  3.1). 

1.  The  clay  undergoes  a  reduction  in  strength  upon  remolding 
at  a  constant  water  content  due  to  increased  pore  pres¬ 
sures  and  reduced  effective  stress. 

2.  The  clay  consolidates  along  a  line  which  is  roughly  paral¬ 
lel  to  the  virgin  consolidation  curve  (plotted  as  water 
content  versus  logarithm  of  effective  stress);  the  ori¬ 
ginal  strength  is  regained  at  a  lower  water  content. 

3.  Increased  stress  from  pile  installation  consolidates  the 
clay  to  a  higher  effective  stress  and  subsequently  to  a 
higher  shear  strength. 

Subsequent  measurements  in  soft  clay  by  Seed  and  Reese  (1955)  and 
Flaate  (1972)  have  shown  similar  effects.  Measurements  made  by  Seed 
and  Reese  are  shown  in  Fig.  3.2  and  typical  results  observed  by  Flaate 
are  shown  in  Fig.  3.3.  In-situ  measurements  of  shear  strength  near  a 
pile  in  sensitive  clays  after  consolidation  show  that  the  shear 
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o  Boring  A  -  Original  Condition 
•  Completely  Remolded 

□  Boring  C-l  -  One  Month  After  Pile  Driving 
&  Boring  P-1  -  One  Month  After  Pile  Driving 
A  Boring  P-11  -  Eleven  Months  After  Pile  Driving 


Fig.  3.1  Shtar  Strength  ve  Water  Content  after 
Pile  Installation  (after  Rutledge,  1950) 
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strength  ranges  from  a  reduction  of  15%  from  the  original  to  a  slight 
increase  (Orrje  and  Broms,  1967;  Bozozuk  et  al ,  1978;  and  Roy  et  a  1 , 
1981).  Decreases  in  shear  strength  outside  the  zone  of  remolding  have 
been  noted  in  many  of  the  aforementioned  references. 

Although  the  most  drastic  changes  in  long-term  strength  and 
moisture  content  were  noted  within  1/2  diameter  of  the  piles  in  the 
aforementioned  studies,  initial  measurements  of  excess  pore  presure 
near  a  driven  pile  tend  to  indicate  a  consistent  high  pore  pressure 
within  a  zone  2  to  4  diameters  from  a  displacement  pile,  the  larger 
distances  in  more  sensitive  clays  (Roy  et  al  ,  1981;  Lo  and  Stermac, 
1965;  and  Hagerty  and  Garlanger,  1972).  Excess  pore  pressures  were 
noted  in  those  studies  to  distances  of  10  to  15  diameters  away  from  a 
pile. 

Soderberg  (1962)  has  applied  consolidation  theory  to  the  dis¬ 
sipation  of  pore  pressure  around  a  pile  in  an  attempt  to  explain  the 
time  rate  of  the  gain  in  bearing  capacity  of  friction  piles  in  clay. 
His  analyses  suggest  that  the  time  needed  for  consolidation  around  a 
pile  should  be  proportional  to  the  square  of  the  pile  diameter.  Data 
collected  by  Vesic  (1977)  on  the  increase  of  bearing  capacity  with 
time  for  friction  piles  in  clay  are  reproduced  in  Fig.  3.4.  The 
points  shown  for  the  Horton  Quay  site  represent  piles  driven  in  a 
group.  If  one  believes  that  increase  in  capacity  is  directly  related 
to  dissipation  of  pore  pressure,  these  data  suggest  that  years  may 
pass  before  excess  porewater  stress  is  lowered  to  an  insignificant 
value.  O'Neill  (1983)  has  summarized  measurements  of  dissipation  of 
pore  pressure  around  pile  groups  (see  Fig.  3.5).  It  is  clear  from 
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these  data  that  dissipation  rates  for  pile  groups  are  substantially 
slower  than  that  of  single  piles.  Within  a  pile  group,  much  smaller 
i ni t i a  1 -hori zonta 1 -pressure  gradients  exist  than  for  a  single  pile. 

Vesic  (1972)  presented  equations  for  determining  the  extent  of 

the  plastic-shear  zone  using  the  theory  of  cavity  expansion  in  an 

el  istic-plastic  soil.  With  an  incompressible  soil  and  $  =  0°  ,  these 

equations  reduce  to: 

cylindrical  cavity:  R  /R  =  (E/3S  )0-5 

p  u  u' 

spherical  cavity:  R^/R^  =  ( E/ 3S u )° ‘ 3 3 

where:  E  =  modulus  of  elasticity, 

Su  =  undrained  shear  strength, 

Rp  =  radius  of  plastic  shear  zone,  and 
Ru  =  ultimate  radius  of  the  cavity. 

Using  typical  values  of  E  and  cu  suggested  by  Vesic,  the  fol¬ 
lowing  shear  zones  are  indicated: 

Type  Failure  R  /R 

p  u 

Cylindrical  Cavity  3  to  17 

Spherical  Cavity  2  to  7 

These  values  indicate  an  expected  zone  of  remolding  much  larger  than 
that  in  which  significant  changes  in  shear  strengths  and  water  con¬ 
tents  have  been  measured. 

Of  great  importance  in  the  design  of  piles  for  lateral  loading 
is  the  effect  of  pile  installation  on  the  stress-strain  curve  for  a 
clay  which  had  been  remolded  and  reconsolidated.  While  most  research- 


ers  have  not  considered  this  aspect  in  any  detail  (most  of  the 
strength  measurements  around  piles  have  been  made  with  in-situ  vane 
devices),  Flaate  observed  a  significant  softening  (i.e.,  greater 
deflection  at  a  given  applied  stress)  in  the  stress-strain  curves 
obtained  in  the  unconfined  compresssion  test.  Of  particular  interest 
was  the  fact  that  Flaate1 s  test  results  were  for  samples  that  were  as 
much  as  1.5  diameters  away  from  the  nearest  pile.  The  peak  values  of 
undrained  shear  strength  for  Flaate1 s  tests  appeared  to  be  relatively 
unaffected  by  pile  installation. 

Unfortunately,  all  of  the  data  reviewed  to  this  point  have 
been  concerned  with  soil  near  the  wall  of  a  pile  and  at  a  substantial 
depth.  The  use  of  the  data  to  predict  behavior  at  the  shallow  depths 
necessary  to  understand  piles  subjected  to  lateral  loading  may  be  mis¬ 
leading.  The  effects  of  remolding  near  the  ground  surface  may  also  be 
different;  certainly  the  pattern  of  deformation  is  different  in  the 
top  two  or  three  diameters  and  may  result  in  a  larger  area  of  plastic 
deformation  at  the  ground  surface  than  at  depth.  The  nearness  of  the 
ground  surface  (where  there  is  a  zero  vertical  stress)  suggests  that 
the  long-term,  radial  stress  cannot  be  as  high  near  the  ground  surface 
as  at  depth,  so  that  the  reconsolidation  pressures  may  not  be  high 
enough  to  produce  the  strength  increases  near  the  piles  as  is  often 
noted.  Bozozuk  et  al  (1978)  measured  very  slight  strength  reductions 
with  the  in-situ  vane  below  the  6  ft  depth  in  a  soft  clay  but  noted 
larger  reductions  in  the  upper  6  feet.  More  research  will  be  needed 
to  achieve  an  understanding  of  the  effects  of  pile  installation  on 
soil  behavior,  particularly  with  regard  to  effects  on  deformational 


properties  that  are  important  to  lateral-load  response.  It  most  also 
be  noted  that  a  large  proportion  of  pile  groups  subjected  to  large 
lateral  loads  consist  of  open-ended-pipe  piles;  the  extent  of  remold¬ 
ing  in  the  top  few  diameters  of  depth  may  be  significantly  less  for 
open-ended-pipe  piles  and  piles  which  are  installed  in  predrilled 
holes  than  would  be  expected  for  displacement  piles. 

Spacing  of  Piles  in  a  Group 

If  a  zone  of  remolded  soil  around  a  pile  is  appreciably 
affected  by  pile  driving,  then  installation  of  closely  spaced  piles  in 
a  group  could  affect  a  significant  proportion  of  the  deposit.  Addi¬ 
tionally,  effects  on  soil  properties  outsiae  of  any  zone  of  remoldng 
could  be  magnified  by  the  additive  action  of  several  nearby  piles. 
The  mechanisms  discussed  in  the  previous  section  may  not  be  altered, 
but  simply  made  more  significant  by  the  close  spacing  of  piles  in  a 
group . 

In-Situ  Soil  Properties 

Virtually  all  of  the  significant  data  on  the  effect  of  pile 
installation  on  soil  properties  has  been  for  soft  clay,  often  soft 
clays  that  are  sensitive.  These  are  soils  which  tend  to  densify  dur¬ 


ing  shear,  producing  excess  pore  pressure  in  addition  to  that  caused 
by  increases  in  normal  stresses.  Stiff,  overconsolidated  clays  may 
tend  to  dilate  during  shear,  producing  excess  pore  pressures  that  are 
negative.  These  negative  pore  pressures  act  to  offset  the  positive 
pore  pressures  caused  by  increased  normal  stresses.  The  hypothesis 
can  be  made  that  in  a  zone  where  shearing  is  significant  and  final 
all-around  stresses  are  not  substantially  increased  (as  may  be  the 
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case  near  the  top  of  the  pile),  the  net  effect  may  be  one  of  reduced 
shear  strength  and  stiffness.  There  are  no  data  available  to  substan¬ 
tiate  this  hypothesis,  but  the  basic  differences  in  behavior  during 
shear  of  clays  with  different  dilatancy  and  mineral  characteristics 
imply  that  the  effects  of  pile  installation  could  be  drastically  dif¬ 
ferent  for  different  soils.  Among  soft  clays,  differences  in  sensi¬ 
tivity  resulted  in  different  strengths  after  full  consolidation, 
ranging  from  a  slight  reduction  in  shear  strength  to  a  substantial 
increase.  Even  though  pile-installation  effects  cannot  presently  be 
quantified,  the  principles  established  by  a  consideration  of  these 
effects  have  implications  regarding  interpretation  of  results  of 
pile-load  tests.  Interpretations  of  pile-load  tests  currently  form 
the  basis  for  design  of  pile  foundations  for  both  axial  and  lateral 
loads . 

CONCLUSIONS 

A  consideration  of  the  effects  of  pile  installation  on  behav¬ 
ior  of  groups  of  driven  piles  in  clay  soils  that  are  subjected  to  lat¬ 
eral  loads  leads  to  the  following  conclusions. 

1.  Installation  of  a  pile  group  results  in  a  change  in  the 
state  of  stress  in  the  ground  such  that  the  radial  effec¬ 
tive  stress  is  likely  to  be  the  final  major  principal 
stress.  The  change  in  stresses  is  more  significant  under 
the  following  conditions: 

a.  when  the  piles  are  of  a  type  to  displace  a  large  vol¬ 
ume  of  soil, 
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b.  when  the  piles  are  closely  spaced;  closely  spaced 
may  be  on  the  order  of  3  pile  diameters  or  less, 
depending  upon  pile  displacement,  and 

c.  when  the  soil  has  a  high  shear  strength  and  can  there¬ 
fore  mobilize  a  greater  resistance  to  displacement. 

Another  result  of  stress  changes  in  the  ground  which  may 
be  significant  is  the  fact  that  piles  can  be  "preloaded" 
in  different  horizontal  directions  as  subsequent  piles  in 
the  group  are  driven.  This  pattern  of  preloading  can 
affect  the  distribution  of  loads  to  the  individual  piles 
as  the  group  is  loaded. 

Another  implication  of  changes  in  the  state  of  stress 
in  the  ground  is  that  testing  for  undrained  shear  strength 
and  soil  stiffness  should  ultimately  reflect  those  chang¬ 
es.  The  effects  of  installation  on  stresses  in  the  soil 
are  not  currently  understood  to  a  sufficient  degree  to 
account  properly  for  these  changes;  changes  in  soil  prop¬ 
erties  during  installation  are  interrelated  with  stress 
changes . 

2.  Installation  of  the  pile  in  a  group  can  result  in  signif¬ 
icant  changes  in  soil  properties.  Evaluation  of  these 
changes  requires  consideration  of  the  following  points, 
a.  Installation  of  a  pile  displaces  and  remolds  a  portion 
of  soil  near  the  pile;  the  extent  of  this  remolding 
and  the  effect  on  soil  properties  is  related  to  the 
displacement  of  the  pile  and  the  final  state  of 


f.s 


stress . 


Changes  in  stiffness  may  occur  outside  this 


zone  of  remolding. 

b.  Closely  spaced  piles  act  to  intensify  the  installation 
effects  on  the  soil  between  the  piles. 

c.  The  effects  of  remolding  and  stress  change  can  vary 
widely  with  the  type  of  clay  and  particularly  with  its 
behavior  during  shear. 

The  most  significant  aspect  of  installation  effects  on  soil  behavior 
is  that  the  data  from  load  tests  that  form  the  basis  for  designs  may 
be  misinterpreted.  Because  most  designs  are  based  on  semi-empirical 
predictions  of  soil  behavior  that  is  matched  to  load-test  results, 
installation  effects  on  soil  properties  are  inherently  encompassed  in 
these  predictions.  A  better  understanding  of  installation  effects 
could  help  prevent  misapplications  of  design  guidelines. 


CHAPTER  4 


MECHANICS  OF  PILE  GROUPS  UNDER  LATERAL  LOAD 

INTRODUCTION 

This  chapter  provides  a  discussion  of  the  behavior  of  pile 
groups  under  lateral  load.  Some  of  the  major  design  considerations 
for  pile  groups  are  outlined  and  pile-group  behavior  under  lateral 
load  is  contrasted  with  that  of  single  piles.  The  fundamental  assump¬ 
tions  of  several  analytical  models  typically  used  in  design  are 
reviewed.  The  reader  is  assumed  tu  be  familiar  with  the  mechanisms 
governing  the  behavior  of  single  piles  under  lateral  load  and  to  be 
aware  of  commonly  used  design  procedures. 

Wright  (1982)  classifies  pile-group  problems  into  two  general 
categories:  those  involving  groups  where  the  piles  are  widely  spaced, 
and  those  involving  groups  where  the  piles  are  closely  spaced.  Groups 
of  widely  spaced  piles  are  defined  as  those  in  which  the  individual 
piles  interact  only  through  the  pile  cap  connection.  Given  that  the 
response  of  the  individual  piles  can  be  estimated  for  various  condi¬ 
tions,  the  pile-group  problem  is  a  structural  problem  only.  Groups  of 
closely  spaced  piles  are  defined  as  those  in  which  the  response  of  an 
individual  pile  is  Influenced  through  the  supporting  soil  by  the 
response  of  other  nearby  piles,  a  situation  commonly  termed 
"pi le-soi 1 -pi le  interaction."  This  latter  condition  is  the  more  dif- 


ficult  to  quantify  and  is  the  subject  of  this  research;  groups  of 
widely  spaced  piles  will  not  be  discussed  further. 

DESIGN  CONCERNS 

For  a  given  loading  condition,  there  are  four  major  factors  of 
importance  to  the  design  of  pile  groups. 

1.  The  load  causing  collapse  of  the  foundation  must  be  known 
in  order  to  establish  an  acceptable  margin  of  safety. 

2.  The  load-deflection  response  of  the  group  as  a  whole  is 
important  for  the  design  of  the  superstructure. 

3.  The  distribution  of  load  to  the  piles  in  the  group  is 
important  both  in  predicting  stresses  and  in  the  design  of 
an  efficient  pile-group  geometry. 

4.  The  distribution  and  magnitude  of  stresses  within  the 
foundation  piles  is  important  for  the  design  of  the  foun¬ 
dation  . 

COMPARISON  WITH  SINGLE  PILE  BEHAVIOR 

There  are  several  factors  of  importance  to  understanding  the 
behavior  of  pile  groups  which  are  either  less  important  or  nonexistent 
for  single  piles.  These  factors  include  the  effect  of  a  pile  cap  or 
template  (which  may  be  embedded),  the  likelihood  of  greater  top  end 
restraint  for  piles  in  a  group  rather  than  for  a  single  pile,  the 
effect  of  the  installation  of  nearby  piles  on  the  supporting  soil,  and 
the  effect  of  pile-soil-pile  interaction  during  loading. 


An  embedded  pile  cap  or  template  can  undoubtedly  have  a  sig¬ 
nificant  effect  on  the  performance  of  the  pile  group.  The  contrib¬ 
ution  of  the  cap  or  template  to  the  ability  of  the  group  to  carry 
lateral  load  is  typically  ignored  for  several  reasons. 

1.  The  soil  surrounding  the  pile  cap  may  not  be  in  close  con¬ 
tact  with  the  cap  throughout  the  life  of  the  structure  due 

to  settlement  after  pile  installation,  scour,  or  other 
factors. 

2.  Ignoring  the  contribution  of  the  pile  cap  is  generally 

considered  as  conservative. 

3.  Commonly  used  design  methods  cannot  model  the  behavior 

under  lateral  load  of  a  pile  group  with  an  embedded  cap. 

Of  these  three  factors,  the  first  one  is  considered  to  be  most  impor¬ 
tant.  The  contribution  of  an  embedded  pile  cap  to  the  lateral  load 
resistance  will  not  be  considered  as  a  part  of  this  study. 

End  Restraint 

The  pile  cap  or  template  will  control  the  boundary  conditions 
at  the  top  of  the  piles,  and  will  typically  provide  more  rotational 
restraint  than  is  present  in  single  pile  installations  subject  to  lat¬ 
eral  loading.  While  this  rotational  restraint  can  properly  be 
accounted  for  in  some  analytical  techniques,  many  only  consider  the 
extreme  cases  of  "fixed"  or  "pinned"  pile-head  conditions.  Neither  of 
these  extremes  are  ever  precisely  realized  in  practice,  especially  the 
fixed-head  case.  The  boundary  conditions  at  the  top  of  a  pile  must  be 
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considered  in  comparing  results  from  an  experiment  with  a  single  pile 
to  those  of  a  pile  group,  a  fact  which  is  sometimes  overlooked  (Mat- 
lock  and  Foo,  1976) . 

Instal 1  at  ion 

The  installation  of  a  group  of  piles  in  a  clay  soil  is  known 
to  have  an  effect  on  both  the  properties  of  clay  and  the  state  of 
stress  in  the  ground.  While  these  changes  certainly  occur  in  single¬ 
pile  installations,  the  effect  is  more  significant  in  the  case  of  pile 
groups.  While  installation  effects  have  been  a  subject  of  much  debate 
for  many  years,  the  geotechnical-engineering  profession  presently  can¬ 
not  offer  much  quantitative  guidance  to  designers  concerning  the 
effect  of  pile  installation  on  the  behavior  of  pile  groups  under  lat¬ 
eral  load.  A  qualitative  discussion  of  the  current  understanding  of 
pile-installation  effects  is  presented  in  Chapter  3  of  this  report. 
Pile-Soil-Pile  Interaction 

In  addition  to  the  alteration  of  soil  properties  and  stress 
states,  the  installation  of  closely  spaced  piles  will  affect  the  soil 
displacements  and  failure  zones  around  piles  that  are  loaded  simul¬ 
taneously.  O'Neill  (1977)  has  termed  these  as  "mechanical  effects"  as 
opposed  to  "installation  effects,"  although  the  two  are  acknowledged 
to  be  interdependent.  The  effect  of  interaction  between  piles  during 
lateral  loading  is  probably  the  most  significant  factor  affecting 
pile-group  behavior  as  compared  with  single  piles,  and  is  the  primary 
focus  of  this  research.  The  uncertainty  in  evaluating  these  effects 
is  reflected  in  the  significant  differences  in  the  approach  to  the 
problem  used  by  the  available  analytical  models.  O'Neill  states  that 
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most  models  "are  directly  concerned  with  only  that  portion  of  the 
mechanical  component  of  interaction  that  considers  strain  superposi¬ 
tion  in  the  soil  mass  and  neglect  both  installation  effects  and  fai¬ 
lure-zone  alteration."  Consequently,  "considerable  judgement  is 
required  to  design  and  analyze  closely  spaced  groups."  The  exper¬ 
imental  basis  for  this  judgement  is  not  at  all  well  developed.  The 
paragraphs  which  follow  provide  a  review  of  several  commonly  used  ana¬ 
lytical  models  for  groups  of  closely  spaced  piles  subjected  to  lateral 
loads.  These  models  should  provide  an  overview  of  current  thinking  on 
the  mechanics  of  pile-group  behavior  under  lateral  loads. 

ANALYTICAL  MODELS 

O'Neill  (1983)  identifies  five  general  classes  of  analytical 
models  for  groups  of  closely  spaced  piles: 

1.  finite  element  model, 

2 .  conti nuum  model , 

3.  modified  continuum  model, 

4.  modified  unit  load  transfer,  and 

5.  hybrid  model . 

The  finite-element  model  is  quite  complex  as  a  tool  for  prac¬ 
tical  problems  and  requires  better  soil  data  than  is  commonly  avail¬ 
able.  An  investigation  of  the  results  of  the  experiments  described 
herein  using  finite-element  techniques  may  prove  to  be  rewarding;  how¬ 
ever,  the  finite-element  method  will  not  be  included  in  the  current 
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The  continuum  model  is  typified  by  the  approach  of  Poulos 
(1971).  Poulos  assumes  the  soil  to  consist  of  an  elastic  medium  and 
uses  Mindlin's  three-dimensional -el astici ty  equations  to  relate  the 
soil  reaction  at  a  particular  zone  of  one  pile  to  all  of  the  similar 
zones  on  other  piles.  The  computer  program  DEFPIG  has  been  used  in 
several  published  papers  (e.g.,  Poulos  and  Randolph,  1983)  and  was 
used  to  analyze  the  results  of  the  study  reported  herein. 

The  modified  continuum  model  (or  coupled  Winkler  model)  is 
similar  to  the  continuum  model  except  that  the  pile-soil-pile  inter¬ 
actions  are  assumed  to  occur  only  in  horizontal  planes,  thus  reducing 
the  computational  effort  significantly  over  the  three-dimensional  con¬ 
tinuum.  Examples  of  modified  continuum  models  include  those  of  Ran¬ 
dolph  (1980)  and  Nogami  and  Chen  (1984).  No  modified  continuum  models 
were  used  as  a  part  of  the  current  study. 

A  modi f ied-uni t-load-transfer  model  is  described  by  Bogard  and 
Matlock  (1983).  This  method  is  a  procedure  for  constructing  nonlinear 
load-transfer  (p-y)  curves  for  piles  in  a  group  by  considering  the 
piles  within  the  group  and  the  encompassed  soil  to  act  as  one 
1  arge-d i ameter  pile.  Soil  resistance  (p_y)  curves  for  this  large 
"imaginary  pile"  are  used  along  with  individual  p-y  curves  to  derive 
p-y  curves  for  the  group  piles.  Reese  (1984)  has  also  discussed  the 
use  of  a  single  pile  of  a  diameter  encompassing  the  pile  group  as  a 
possible  bound  on  the  behavior  of  the  group.  Both  of  these  methods 
have  been  used  in  analyzing  the  experimental  results  of  this  study. 

The  hybrid  model  was  initially  proposed  by  Focht  and  Koch 
(1973),  and  has  been  widely  used  in  the  offshore  industry.  The 
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Focht-Koch  approach  utilizes  the  experimental ly-deri ved ,  nonlinear, 
load-transfer  curves  to  model  the  possible  plastic  deformations  near 
the  individual  piles  and  the  elasticity-derived  interaction  factors  of 
Poulos  (1971)  to  model  the  pi le-soi 1 -pi le  interaction.  Group 
deflections  are  computed  as  the  sum  of  the  individual  pile  deflections 
plus  the  elastic  deformation  of  the  group.  The  p-y  curves  are  then 
modified  to  force  agreement  with  the  group  deflections.  The  resulting 
pile  response  using  these  p-y  curves  is  taken  to  be  in  approximate 
agreement  with  the  most  heavily  loaded  piles.  A  similar  but  more 
refined  approach  was  taken  by  O'Neill,  Ghazzaly  and  Ha  (1977)  in 
developing  the  program  PILGP1.  Rather  than  using  general  pile-inter¬ 
action  factors,  PILGP1  divides  all  of  the  piles  into  discrete  elements 
and  represents  each  as  a  Mindlin  point  load  in  computing  interaction. 
The  deflection  at  the  location  of  each  p-y  curve  on  each  pile  is  then 
computed  from  the  load  of  all  other  pile  elements  and  each  p-y  curve 
is  individually  modified  for  the  effect  of  other  piles.  The  response 
of  each  pile  is  recomputed  using  the  modified  p-y  curves  and  the  proc¬ 
ess  repeated.  The  results  of  the  experiment  reported  in  Chapter  6 
have  been  analyzed  by  both  the  Focht-Koch  procedure  and  by  PILGP2R,  a 
later  modification  of  PILGP1. 

Within  the  five  general  types  of  analytical  models  for  pile 
groups,  specific  procedures  other  than  those  mentioned  here  can  be 
found.  However,  the  procedures  that  are  described  above  are  the  most 
widely  used  design  methods  and  are  representative  of  the  different 
models.  Repeated  below  are  the  specific  methods  of  analysis  tnat  are 
employed  in  this  study: 


1.  OEFPIG,  the  elasticity-based  program  developed  by  Poulos, 

2.  the  single-pile  method,  assuming  the  group  to  act  as  a 
single  large  diameter  pile, 

3.  the  Bogard-Matl ock  procedure  for  generating  modified 
load-transfer  curves, 

4.  the  Focht-hybrid  method,  and 

5.  PILGP2R,  the  hybrid  program  developed  by  O'Neill  et  al . 

The  paragraphs  which  follow  present  a  more  detailed  discussion  of  each 
of  the  analytical  methods  that  were  employed. 

DEFPIG 

The  program  DEFPIG  evolved  from  the  early  work  of  Poulos 
(1971),  who  presented  solutions  for  the  elastic  analysis  of  the  dis¬ 
placement  of  a  pile  subjected  to  lateral  load  and  moment.  The  sol¬ 
ution  of  a  single  pile  under  lateral  load  in  an  ideal,  homogeneous, 
isotropic,  semi-infinite,  elastic  mass  involved  the  integration  of 
Mindlin's  equation  (1936)  for  a  horizontal  load  within  such  a  semi-in¬ 
finite  mass.  Soil  displacements  were  evaluated  by  integrating 
Mindlin's  equation  over  twenty-one  rectangular  elements  used  to  repre¬ 
sent  the  pile.  Pile  displacements  were  obtained  from  the  equation  of 
flexure  of  a  thin  strip,  expressed  in  finite  difference  form.  The 
solution  was  obtained  by  equating  soil  and  pile  displacements  at  the 
element  centers.  The  solution  was  extended  to  pile  groups  in  terms  of 
two  interaction  factors,  which  are  defined  as  the  relative  increase  in 
deflection  (or  rotation)  of  a  pile  (at  the  groundline)  due  to  another 
pile.  The  computation  of  these  interaction  factors  is  made  in  a  man¬ 
ner  similar  to  that  as  for  a  single  pile,  except  that  the  soil  dis- 


placement  must  include  the  additional  displacement  due  to  the  nearby 


pile.  Interaction  factors  and  individual  pile  stiffnesses  for  axial 
load  are  computed  similarly.  The  analysis  performed  in  DEFPIG  pro¬ 
ceeds  as  follows. 

1.  Interaction  factors  are  computed  for  a  range  of  pile 
spacings. 

2.  Interaction  factors  are  computed  for  each  pile  in  the 
group  using  the  results  of  1)  and  interpolating  as  neces¬ 
sary. 

3.  The  deflection  (in  the  axial  and  lateral  directions)  and 
rotation  of  a  single  pile  are  calculated. 

4.  The  global  stiffness  matrix  and  load  vectors  are  assembled 
for  solution  of: 

[A] t  P }  =  {o} 
where: 

[A]  =  global  stiffness  matrix,  order  3n  x  3n, 

(P)  =  vector  of  pile  loads  and  moments,  order  3n, 

{ a >  =  vector  of  pile  head  deflections  and  rotations, 
order  3n,  and 

n  =  number  of  piles. 

The  stiffness  of  each  pile  in  the  axial,  lateral,  and 
rotational  modes  of  displacement  for  axial  and  lateral 
loads  and  overturning  moments  are  computed,  using  the 
results  from  step  3  and  the  interaction  factors  for  each 
pile. 
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5.  The  equations  of  part  4)  are  modified  for  boundary  condi¬ 
tions  and  solved. 

Several  modifications  to  the  basic  solution  described  previ¬ 
ously  are  allowed  in  OEFPIG.  Limiting  values  of  pile-soil  stress  can 
be  specified  for  each  element  to  allow  some  nonlinearity  in  the  sol¬ 
ution  for  the  single-pile  computations.  Displacements  and  rotations 
of  a  single  pile,  if  known  or  previously  computed,  can  be  input  as 
data.  Nonhomogeneous  soil  profiles  are  approximately  taken  into 
account  by  making  the  displacement  at  a  point  dependent  on  the  values 
of  moduli  at  that  point.  The  additional  displacement  due  to  inter¬ 
action  is  computed  using  the  average  modulus  between  the  two  points  of 
load.  Note  that  the  above  modifications  violate  the  assumptions  of 
elasticity.  The  interaction  factors  are  computed  using  the  elastic 
solution  regardless  of  such  modifications. 

Single-Pile  Method 

The  single-pile  method  of  analysis  described  by  Reese  (1984) 
is  basically  a  means  of  establishing  a  bound  on  the  effect  of  pile 
interaction  for  a  group  of  closely  spaced  piles.  By  assuming  that  the 
soil  contained  within  the  piles  moves  with  the  group,  the  piles  and 
enclosed  soil  are  treated  as  a  single  pile  of  large  diameter  and  ana¬ 
lyzed  using  existing  subgrade-reaction  models.  The  piles  are  all 
assumed  to  have  the  same  deflection  at  the  top  and  to  have  the  same 
deflected  shape.  This  method  uses  existing  procedures  for  construct¬ 
ing  p-y  curves  for  the  large  diameter  pile.  It  is  of  interest  to  note 
that  the  commonly-accepted  p-y  criteria  are  largely  empirical  and  are 


derived  from  load  tests  on  piles  generally  24  inches  in  diameter  or 
less. 

The  diameter  of  the  large  imaginary  pile  is  taken  as  the  cir¬ 
cumference  of  the  group  divided  by  it.  The  stiffness  is  determined  as 
the  sum  of  the  stiffness  of  the  individual  piles;  note  that  the  soil 
within  the  group  is  ignored  as  contributing  to  stiffness.  The  p-y 
curves  for  the  imaginary  pile  are  computed  and  an  analysis  is  per¬ 
formed  using  a  program  such  as  C0M622  (Reese,  1977)  or  BMC0L76  (Bogard 
and  Matlock,  1977).  The  shear  and  moment  for  the  imaginary 
large-sized  pile  is  then  distributed  to  the  individual  piles  according 
to  the  ratio  of  the  lateral  stiffness  of  the  individual  pile  to  that 
of  the  group.  The  results  of  this  solution  are  compared  to  that  of  a 
single  pile  analysis  and  the  worst  case  (normally  the  group  solution) 
is  used  for  design. 

Boqard-Matlock  Method 

The  Bogard-Matlock  (1983)  method  of  analysis  evolved  from  a 
reevaluation  of  the  results  of  a  series  of  static  and  cyclic  lateral¬ 
load  tests  on  circular  pile  groups  at  Harvey,  Louisiana  (Matlock, 
[ngram,  Kelley,  and  Bogard,  1980),  and  was  first  presented  formally  in 
1933.  This  method  basically  is  a  procedure  for  constructing  nonlinear 
p-y  curves  for  use  with  a  Winkler-type  soil  model.  Although  the 
application  of  the  method  involves  a  substantial  use  of  empirical  fac¬ 
tors  (used  to  correlate  with  field  data),  the  method  is  founded  upon  a 
logical  hypothesis  for  group  action  as  described  below. 


Bogard  and  Matlock  conceptually  approach  the  problem  of 
describing  the  behavior  of  closely  spaced  pile  groups  by  considering 


zones  of  plastic  deformation  near  each  pile.  When  piles  are  spaced 
closely,  these  zones  will  tend  to  overlap  and  alter  the  plastic  flow 
zone  towards  that  of  one  large  zone  around  the  group  (see  Fig.  4.1.). 
In  considering  the  extremes  of  pile  interaction,  piles  that  are  widely 
spaced  would  result  in  the  zones  around  individual  piles  being  largely 
unaffected  by  other  piles.  The  behavior  of  each  pile  could  therefore 
be  described  using  the  current  American  Petroleum  Institute  (API)  rec¬ 
ommendations  for  p-y  curves.  For  a  group  in  which  piles  were  close 
together,  the  group  would  tend  to  behave  like  a  large  pile  with  a 
stiffness  equal  to  that  of  the  sum  of  the  individual  pile  stiffnesses 
and  with  a  diameter  equal  to  that  of  the  group.  This  large  pile  could 
conceivably  be  analyzed  in  a  similar  manner,  using  p-y  curves  for  a 
large  diameter  pile.  The  Bogard-Matlock  procedure  described  below  is 
a  procedure  for  estimating  the  response  for  pile  groups  between  these 
two  extremes. 

For  a  circular  pile  group  spaced  at  intervals  greater  than  one 
pile  diameter  on  center,  Bogard  and  Matlock  propose  that  the  lateral 
resistance  at  a  given  deflection  for  a  large-diameter,  imaginary  pile 
encompassing  the  group  may  be  distributed  equally  among  all  the  piles 
in  the  group.  The  ultimate  lateral  resistance  against  each  pile  is 
then  taken  as  the  lesser  of  this  distributed  lateral  resistance  or 
that  of  each  pile  computed  independently  of  the  group.  Bogard  and 
Matlock  suggest  that  the  deflection  of  the  piles  in  the  group  is 
related  to  both  the  deflection  of  the  piles  acting  individually  and 
the  deflection  of  this  large  imaginary  pile.  They  recommend  computing 


the  deflection  y  for  a  given  lateral  resistance  p  by  the  following 
relationship. 


y  =y  +  (y  /s) 

gp  *sp  wip 


where : 

y^p  =  deflection  of  a  group  pile, 
ysp  =  computed  deflection  of  an  individual  pile, 
y.p  =  computed  deflection  of  the  imaginary  pile,  and 
s  =  pile  spacing  expressed  in  diameters. 

These  computed  deflections  are  to  be  estimated  using  conven¬ 
tional,  single-pile,  p-y  procedures  at  various  lateral  pressures  to 
generate  two  p-y  curves  as  shown  in  Fig.  4.2.  With  the  maximum 
resistance  limited  to  the  lower  peak  of  the  two  curves,  these  curves 
may  then  be  used  to  analyze  the  pile  group  for  bending  on  a  per-pile 
basis  using  conventional  single-member  solutions. 

One  advantage  of  using  the  Winkler  soil  model  with  nonlinear 
p-y  curves  is  that  the  effects  of  cyclic  lateral  loading  have  been 
accommodated  in  a  relatively  straightforward  way.  Bogard  and  Matlock 
attempt  to  incorporate  the  effects  of  cyclic  loading  in  a  manner  simi¬ 
lar  to  that  used  for  static  loads,  but  with  some  modifications.  The 
results  of  the  cyclic,  lateral-load  tests  at  Harvey  apparently  implied 
that  the  initiation  of  cyclic  degradation  in  resistance  occurred  at  a 
value  of  pile  deflection  related  to  the  individual  pile  diameters, 
rather  than  to  the  diameter  of  the  pile  group.  Additionally,  the 
near-surface ,  cyclic  degradation  related  to  gapping  and  soil  scour  is 
not  greatly  affected  by  pile  interaction.  Bogard  and  Matlock  there- 


fore  recommend  approximating  the  degree  of  pile-group  interaction  by 
reducing  the  component  of  deflection  from  the  imaginary  pile  near  the 
surface.  This  reduction  is  accomplished  using  the  pseudo-depth 
defined  as  xr  in  the  current  single-pile  criteria  (Matlock,  1970), 
where  x  is  related  to  the  depth  at  which  the  presence  of  the  free 
surface  no  longer  influences  the  ultimate  soil  resistance  against  the 
pi'e.  They  propose  that  the  component  of  deflection  from  the  imagi¬ 
nary  pile  p-y  curve  be  reduced  by  the  ratio  of  the  depth  x  to  the  term 
computed  at  the  same  depth  for  the  individual  pile.  This  modifica¬ 
tion  results  in  a  gradual  transition  from  no  pile-group  interaction  at 
the  surface  to  full  interaction  at  and  below  the  depth  x^.  Although 
not  stated  specifically  in  their  1983  paper,  it  is  apparent  from  their 
examples  that  Bogard  and  Matlock  intend  that  static  p-y  curves  for  the 
imaginary  pile  should  be  used  with  cyclic  p-y  curves  for  a  single  pile 
to  compute  p-y  curves  for  a  pile  group  under  cyclic  loading. 

Foe ht-Koch  Method 

Focht  and  Koch  (1973)  postulated  that  the  pile-group  behavior 
was  controlled  by  two  basically  different  stress  conditions;  a  zone  of 
high  stress  close  to  the  pile  which  would  result  in  large  displace¬ 
ments  and  plastic  strain  in  the  soil,  and  a  region  of  relatively  small 

stresses  and  strains  in  the  soil  between  the  piles.  They  felt  that 
these  two  different  stress  conditions  could  be  analyzed  separately  by 
methods  that  have  been  found  to  be  best  suited  for  each.  The  p-y 

method  using  the  Winkler  model  with  nonlinear  curves  of  soil  response 

is  used  for  describing  the  performance  of  individual  piles,  as  this 
model  inherently  considers  the  high  stress  zone  close  to  the  pile. 


Additional  displacements  for  individual  piles  due  to  nearby  piles  are 


computed  using  elastic  methods  and  the  response  of  the  group  is  pre¬ 


dicted  by  assuming  superposition  of  these  computed  displacements.  In 


other  words: 


Y„  =  Y  +  Y 
G  s  g 


where : 


Yg  =  pile  group  displacement, 


Y$  =  individual  pile  displacement,  and 


Y  =  displacement  of  a  pile  due  to  others. 
9 


For  individual  pile  response,  p-y  curves  are  computed  and  used 


with  a  computer  program  such  as  C0M622  or  BMC0L76  to  yield  Y  .  This 


procedure  is  typically  used  for  single-pile  design  and  thus  yields  a 


basis  for  comparison  of  pile-group  results. 


The  additional  displacements  from  other  piles  are  computed 


using  elastic  methods  described  by  Poulos  (1971).  Poulos  developed 


the  following  equation  to  obtain  the  deflection  and  load  on  each  of 


the  piles  in  a  group,  assuming  the  soil  to  act  elastically. 


ill 

“F  /^(VpHjk  *  Hk) 
j7k 


where : 


=  deflection  of  the  k-th  pile, 


=  the  unit  reference  displacement  of  a  single  pile 
under  a  unit  horizontal  load,  computed  by  using 
elastic  theory, 


=  lateral  load  on  pile  j , 
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m 
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m 

4 
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a  m  .  =  the  coefficient  to  get  the  influence  of  pile  j  on 
p  J  pile  k  in  computing  the  deflection  p  (the  subscript 
H  pertains  to  the  case  in  which  shear  is  applied  at 
the  pile  head;  there  are  also  influence  coefficients 
for  applied  moment  and  for  the  fixed  head  case), 


=  lateral  load  on  pile  k,  and 
m  =  number  of  piles  in  group. 

If  the  total  load  on  the  group  is  Hq,  then 


Hr  =  I  H 

G  j=l  J 

For  the  usual  assumption  of  a  pile  cap  that  is  rigid  such  that 

each  of  the  piles  deflect  an  equal  amount,  the  deflection  p^  is  equal 

to  Yq,  the  group  deflection.  The  above  equation  can  then  be  solved 

for  the  deflection  and  load  on  each  pile.  The  influence  coefficients 

a  were  presented  in  graphical  form  by  Poulos;  they  can  also  be 
obtained  using  the  program  DEFPIG,  previously  described. 

Focht  and  Koch's  modification  of  the  above  procedure  begins  by 
introducing  a  term  R,  such  that 


m 

’k  =  °F  (VoHkj  +  RHk) 


where : 

R  =  relative  stiffness  factor,  equal  to  the  ratio  of  the 
mudline  deflection  computed  by  the  p-y  approach,  Y  ,  to 
the  deflection  p  computed  by  the  Poulos  elastic  met ,,od. 

The  above  equation  is  used  to  solve  for  group  deflection,  Y^, 
and  pile  head  loads,  FL ,  as  described  previously.  If  an  elastic  modu¬ 
lus  is  employed  that  is  representative  of  the  relatively  small  strains 
and  stresses  expected  for  the  region  between  the  piles,  the  value  of  p 


computed  using  the  equations  of  Poulos  normally  will  yield  individual 
pile  deflections  smaller  than  that  predicted  by  the  p-y  approach; 
thus,  R  is  normally  greater  than  one.  The  Focht-Koch  modification 
will  thus  have  the  effect  01  distributing  pile-head  shears  more  evenly 
throughout  the  group  than  the  purely  elastic  solution. 

Perhaps  the  most  desirable  feature  of  the  Focht-Koch  procedure 
for  designers  is  that  the  modification  of  p-y  curves  as  described 
above  for  piles  in  the  group  will  allow  the  computation  of  bending 
stresses  as  a  function  of  depth.  Focht  and  Koch  recommend  that  the 
p-y  data  used  for  the  response  of  an  individual  pile  in  the  group  be 
modified  by  the  use  of  "Y"  factors.  The  "Y"  factors  are  constant  mul¬ 
tipliers  used  to  increase  the  deflection  values  of  each  point  on  each 
p-y  curve,  thus  generating  a  new  set  of  p-y  curves  for  each  "Y"  fac¬ 
tor.  These  sets  of  p-y  curves  are  used  with  the  maximum  shear  load  on 
a  pile  in  the  group  to  yield  new  values  of  mudline  displacement  for  an 
isolated  pile.  The  displacement  values  are  plotted  as  a  function  of 
the  "Y"  factor,  as  shown  in  Fig.  4.3.  A  "Y"  factor  is  selected  that 
produces  a  displacement  equal  to  that  calculated  for  the  group.  The 
pile  response  (moments,  stresses,  displacements  as  a  function  of 
depth)  that  is  computed  by  using  the  modified  p-y  curves,  correspond¬ 
ing  to  the  selected  "Y"  factor,  is  assumed  to  be  representative  of  the 
most  heavily  loaded  pile  in  the  group.  The  design  of  the  piles  in  the 
group  is  based  on  the  behavior  of  the  individual  pile  with  the  heav¬ 
iest  load. 

Focht  and  Koch  maintained  that  their  procedure  could  account 
reasonably  well  for  the  effects  of  axial  load  and  pile-head  fixity. 
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and  could  be  used  with  p-y  curves  for  cyclic  loading  to  account  for 
gapping  and  scour.  They  also  suggested  that  "P"  factors  in  the  range 
of  0.7  to  1.0  might  be  used  to  account  for  shadowing  effects  of  close¬ 
ly  spaced  piles. 

PILGP2R 

This  program  uses  a  hybrid-type  model  developed  by  Ha  and 
O'Neill  (1981)  that  is  perhaps  a  logical  extension  of  the  earlier 
thinking  of  Focht  and  Koch  (1973).  PILGP2R  was  developed  specifically 
to  model  three-dimensional  pile  geometry  and  loading  at  working  loads 
and  full  load-deformation  behavior  in  axially  loaded  groups  of  verti¬ 
cal  piles.  In  addition  to  providing  a  complete  solution  for  the 
behavior  of  all  piles  in  a  group  in  virtually  any  configuration,  this 
model  differs  from  the  Focht-Koch  procedure  in  that  the 
unit-load-transfer  curves  are  modified  individually  for  the  stresses 
from  nearby  piles.  The  earliest  description  of  this  method  was  pub¬ 
lished  in  1977  by  O'Neill,  Ghazzaly  and  Ha;  minor  modifications  to  the 
program  have  been  made  and  a  1981  publication  by  Ha  and  O'Neill  pro¬ 
vide  a  more  up-to-date  description.  The  code  PILGP1  described  in  the 
1981  article  has  been  altered  slightly  to  accommodate  piles  in  a  vari¬ 
ety  of  soil  conditions  and  the  name  has  been  modified  to  PILGP2R.  The 
program  PILGP2R  was  used  as  described  later.  Although  PILGP2R  is 
designed  to  accommodate  general  loading  of  pile  groups  having  a  varie¬ 
ty  of  configurations  (such  as  batter  piles  and  piles  socketed  into 
rock),  the  following  discussion  will  concentrate  on  the  features  of 
the  code  of  importance  to  groups  of  vertical  piles  subjected  to  lat¬ 
eral  load. 
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PILGP2R  first  proceeds  toward  a  solution  by  neglecting  the 
effects  of  pile-soil-pile  interaction  and  follows  a  procedure  similar 
to  that  described  by  Reese,  O'Neill,  and  Smith  (1970).  A  pile  cap 
that  is  rigid  is  assumed  and  any  effects  of  the  soil  acting  directly 
on  the  cap  are  neglected.  Each  pile  is  then  replaced  (on  the  cap)  by 
six  nonlinear  springs  acting  to  resist  displacement  and  rotation  in 
tnree  dimensions.  For  vertical  piles  these  nonlinear  springs  are  gen¬ 
erated  by  an  independent  analysis  for  each  mode  of  behavior  as  fol- 
1  ows . 

1.  Horizontal  displacement  vs.  horizontal  shear  and  horizon¬ 
tal  displacement  vs.  overturning  moment  in  each  of  two 
directions  are  analyzed  for  a  series  of  shear  loads  using 
the  p-y  approach  described  earlier;  p-y  curves  are  input 
by  the  user.  Plots  of  these  relationships  are  called 
"Mode  I"  curves  by  Ha  and  O'Neill. 

2.  Rotation  in  a  vertical  plane  vs.  horizontal  shear  and 

rotation  in  a  vertical  plane  vs.  overturning  moment  in 
each  of  two  directions  are  analyzed  using  the  p-y  approach 
to  produce  "Mode  II"  curves. 

3.  Vertical  displacement  vs.  axial  load  is  analyzed  using  the 
load  transfer  or  "t-z"  approach  similar  to  that  described 
by  Coyle  and  Reese  (1966)  to  produce  "Mode  III"  curves. 
The  t-z  curves  are  input  by  tne  user. 

4.  Torsional  rotation  vs.  torsional  moment  or  "Mode  IV" 

curves  are  assumed  to  be  linear.  The  slope  (modulus)  is 

taken  as  equal  to  JG/L  where  J  is  the  polar  moment  of 


inertia  of  the  pile  at  the  pile  head,  G  is  the  shear  modu¬ 
lus  of  the  pile  material,  and  L  is  one-half  the  pile 
length.  Because  torsional  reactions  are  generally  minor 
relative  to  the  other  components  of  pile  reaction,  the 
modulus  is  computed  internally  rather  than  input  by  the 
user. 

The  mode  curves  I,  II,  and  III  are  fitted  using  cubic  splines 
to  obtain  a  smooth  relationship.  An  inherent  assumption  made  in  using 
these  mode  curves  is  that  there  is  no  coupling  between  any  of  the 
aforementioned  response  characteristics;  i.e.,  axial  load  does  not 
affect  behavior  under  lateral  load,  etc.  Initial  tangents  to  the  mode 
curves  are  computed  to  allow  initial  representation  using  linear 
"spring  constants"  to  assemble  into  the  following  equation. 

C  S  ]  { a }  =  {F> 

where: 

[S]  =  stiffness  matrix, 

{a}  =  displacement  vector,  and 
{F}  =  force  vector. 

Using  a  geometric-transformation  matrix,  the  stiffness  matri¬ 
ces  of  the  individual  piles  are  summed  and  assembled  into  a  global 
stiffness  matrix  for  solution  of  the  group  displacements,  and  subse¬ 
quently  for  determination  of  the  individual  pile-head  displacements. 
Using  the  above  equation,  the  pile-head  reactions  can  be  computed  and 
checked  for  compatibility  with  the  mode-curve-displacement  vs.  load 
relationship.  In  order  to  permit  compliance  with  the  nonlinear  mode 
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curves,  the  load  vector  is  applied  in  small  increments  and  the  pile 
head  reactions  and  deformations  are  summed  after  each  increment.  Sub¬ 
sequent  to  the  application  of  the  first  increment,  the 
equi valent-spri ng  constants  are  taken  as  a  tangent  modulus  to  each  of 
the  mode  curves  at  the  previously  computed  load.  The  p-y  and  t-z 
methods  are  used  after  solving  for  pile-head  loadings  to  obtain 
stresses,  displacements,  and  soil  reactions  with  depth  for  each  pile. 

With  the  soil  reactions  now  known  as  a  function  of  depth  for 
each  pile,  the  procedure  for  computing  pile-soil-pile  interaction  may 
be  performed.  The  soil  reaction  over  each  pile  increment  is  summed 
and  replaced  by  an  equivalent  point  load  for  purposes  of  using 
Mindlin's  equations  (1936)  for  point  loads  beneath  the  surface  of  a 
semi-infinite,  elastic,  half  space.  At  uhe  location  of  each  p-y 
curve,  the  displacement  of  the  soil  mass  at  that  location  due  to  the 
point  loads  from  ail  other  piles  is  computed.  Effects  of  a  varying 
elastic  modulus  are  handled  by  using  the  average  of  the  values  at  the 
point  of  load  and  at  the  location  in  question.  The  p-y  curve  at  that 
location  is  then  "stretched"  by  multiplying  all  displacement  values 
for  that  p-y  curve  by  a  factor  B,  where: 


B 


=  (6.  +  5  )5 . 
v  i  m'  l 


where : 


5^  =  displacement  computed  from  noninteraction  solution,  and 

6  =  displacement  from  the  sum  of  all  other  pile  point 

m  loads. 
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If  and  5.  are  in  opposite  directions,  then  B  is  taken  as: 


B=  V<8f  *  sm> 

The  effect  of  this  "stretching"  is  illustrated  graphically  in 
Fig.  4.4.  All  p-y  curves  on  all  piles  (in  each  direction)  are  so  mod¬ 
ified,  as  well  as  t-z  curves.  In  order  to  save  expense  in  computing 
time,  a  radial  distance,  r,  is  typically  specified  beyond  which  the 
effects  of  any  point  loads  are  neglected.  The  final  solution  is  then 
computed  as  described  earlier  for  the  noninteractive  solution,  but 
with  the  modified  load-transfer  curves.  Several  such  iterations  could 
be  done,  but  at  substantial  additional  expense  in  computer  time;  only 
one  set  of  corrections  is  thought  sufficient  for  design  purposes.  The 
overall  flowchart  for  program  execution  is  illustrated  in  Fig.  4.5. 

Some  readily  apparent  differences  in  results  from  PILGP2R  and 
the  Focht-Koch  procedure  follow  logically.  Because  a  constant  y-mul- 
tiplier  is  used  in  the  Focht-Koch  procedure  to  force  a  mudline  dis¬ 
placement  match  with  that  of  the  group  analysis,  and  because 
displacements  are  greatest  at  the  mudline  and  progresively  diminish 
with  depth,  the  greatest  offset  of  p-y  curves  (in  an  absolute  sense) 
will  occur  at  the  mudline  and  diminish  with  depth.  Due  to  the  effect 
of  the  soil  surface  and  the  fact  that  the  maximum  soil  resistance  (and 
thus  point  load  value)  typically  occur  at  some  depth  below  the  sur¬ 
face,  the  greatest  offset  of  the  p-y  curves  in  the  PILGP2R  analysis 
will  occur  below  the  surface.  Near-surface  p-y  curves  in  the  PILGP2R 
method  are  actually  little  affected  by  group  effects. 
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There  currently  exist  no  means  of  rationally  accounting  for  a 
reduction  'n  the  ultimate  p  values  used  in  p-y  curves  for  pile  groups 
with  PILGP2R,  and  thus  the  authors  do  not  recommend  its  use  as  a  model 
to  analyze  groups  with  lateral  loads  beyond  the  working  load  range. 
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SUMMARY 

This  chapter  contains  a  review  of  major  design  considerations 
for  pile  groups  under  lateral  load  and  an  examination  of  some  of  the 
analytical  models  most  commonly  used  in  design.  This  chapter  has  been 
intended  to  provide  a  basis  for  discussion  of  the  experimental  results 
presented  in  Chapter  7. 


CHAPTER  5 


PREVIOUS  EXPERIMENTS  WITH  PILE  GROUPS  UNDER  LATERAL  LOAD 

INTRODUCTION 

According  to  O'Neill  (1983),  experimental  results  provide  the 
pr’ncipa!  sources  of  information  that  engineers  must  rely  upon  to 
develop  judgement.  This  chapter  offers  a  review  of  experimental  work 
done  prior  to  this  study  and,  in  so  doing,  places  this  experiment 
within  the  framework  of  the  history  of  the  subject.  As  will  be  seen, 
there  exist  very  few  full-scale  experiments  which  were  well  instru¬ 
mented  and  carefully  performed,  and  none  exist  that  allow  actual 
determination  of  the  distribution  of  soil  resistance  and  pile  stresses 
throughout  the  group  to  the  extent  attempted  in  the  current  study. 
Designs  of  pile  groups  for  large  lateral  loads  are  presently  based 
upon  an  extremely  limited  data  base. 

MODEL  TESTS 

Model  tests  provide  an  inexpensive  means  of  conducting  parame¬ 
tric  studies  for  evaluating  the  effects  of  such  factors  as  group  geom¬ 
etry,  pile  spacing,  and  pile  penetration.  They  are  not  so  useful  in 
developing  design  criteria.  The  most  difficult  problem  with  model 
studies  is  the  inability  to  account  correctly  for  the  influence  of  the 
soil  stresses  that  exist  in  the  prototype.  Effects  of  pile  installa¬ 
tion  on  stresses  and  soil  disturbance  is  likewise  a  problem.  While 
centrifuge  modelling  is  thought  by  many  to  hold  the  promise  of  over- 


coming  some  of  these  difficulties,  the  application  of  this  tool  to  the 
problem  of  pile  groups  under  lateral  load  has  yet  to  be  reported  in 
the  technical  literature.  Model  studies  will  not  be  emphasized  in 
this  chapter. 

FULL-SCALE  TESTING 

Full-scale  tests  currently  provide  the  only  measure  of  group 
behavior  that  can  lead  to  the  development  of  design  guides  that  can  be 
used  with  reasonable  confidence.  Yet,  numerous  problems  must  be 
addressed  before  even  full-scale  test  results  can  be  confidently 
accepted  as  representative  of  true  field  conditions.  "Full-scale" 
tests  may  not  actually  be  "full-scale"  for  the  problem  to  which  the 
results  are  being  applied;  many  piles  used  in  an  offshore  environment 
are  several  times  larger  in  diameter  than  those  used  in  any  so-called 
"full-scale"  experiment,  and  the  effects  of  pile  diameter  on  the 
behavior  of  even  single  piles  are  not  well  known.  Full-scale  tests 
are  generally  of  lower  quality  than  model  tests  that  are  conducted  in 
a  controlled  environment,  with  instrumentation  often  influenced  by 
harsh  weather  and  careless  construction  crews.  Soil  properties  may  be 
variable  and  difficult  to  determine  with  a  high  degree  of  accuracy. 
The  great  expense  and  possibility  of  variations  in  soil  conditions 
make  parametric  studies  impossible,  thus  leaving  the  results  subject 
to  unlimited  speculation  about  parameters  which  could  have  affected 
the  results  significantly. 

In  spite  of  the  aforementioned  problems  with  full-scale  field 
tests,  they  provide  the  basis  for  design  of  piles  subjected  to  lateral 
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loading.  The  paragraphs  which  follow  will  briefly  describe  a  number 
of  such  tests,  along  with  one  model  study  in  soft  clay. 


PILE-GROUP  EXPERIMENTS 
Feaqin  -  Lock  No.  25 

Some  of  the  earliest  tests  of  pile  groups  under  lateral  loads 
were  performed  by  the  Corps  of  Engineers  in  the  1930s.  The  Corps  had 
a  massive  construction  project  underway  to  improve  navigability  of  the 
upper  Mississippi  River,  and  performed  a  large  number  of  tests  in  con¬ 
junction  with  that  construction.  Tests  of  various  arrangements  of 
groups  of  battered  and  vertical  piles  with  heads  fixed  in  concrete 
monoliths  were  performed  in  the  summer  of  1936  at  Lock  No.  25  near 
Winfield,  Missouri,  and  reported  by  Feagin  (1955). 

Soil  information  reported  by  Feagin  indicates  the  soil  to  con¬ 
sist  of  fine  to  coarse  sand  containing  occasional  gravel.  The  general 
layout  of  the  test  monoliths  is  reproduced  in  Fig.  5.1.  The  piles 
were  all  of  timber,  driven  to  30  ft  of  penetration  and  embedded  2  ft 
into  the  concrete  cap.  The  pile  caps  were  apparently  cast  upon  the 
ground,  but  were  not  embedded. 

Tests  were  performed  under  approximately  static  conditions  by 
jacking  apart  the  test  monoliths.  Various  vertical  loads  were  also 
used  during  testing.  Gross  loads  and  deflections  of  the  monoliths 
were  measured,  and  are  summarized  in  Fig.  5.2.  The  monoliths  were  not 
tested  to  failure,  and  a  maximum  deflection  of  less  than  0.5  in.  was 
measured  in  most  of  the  tests. 
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Manolij,  Botea  and  Constanti nescu  (1977)  reported  a  series  of 
tests  on  2-  and  3-pile  groups  at  a  site  along  the  Danube  River  in 
Romania.  These  piles  consisted  of  40-cm-square ,  precast  concrete 
piles,  driven  to  an  embedment  of  16.0  meters.  The  piles  were  embedded 
irto  a  concrete  cap  which  was  not  in  contact  with  the  foundation  soil. 
Soil  at  the  site  in  the  region  of  most  interest  consisted  predominate¬ 
ly  of  medium  siHy  clays  with  a  cohesion  from  unconfined  compression 
tests  of  about  700  lb/sq  ft  and  moisture  contents  of  40  to  45%. 

A  sketch  of  the  test  layout  is  presented  in  Fig.  5.3.  Loads 
were  applied  statically  by  hydraulic  jacks  and  displacement  of  the 
pile  caps  was  measured  with  dia’  gauges.  A  summary  of  the  test 
results  is  provided  in  Fig.  5.4. 

Beatty  -  Detroit  Steel  Mill 

Beatty  (1970)  reported  the  results  of  a  series  of  tests  con¬ 
ducted  on  existing  pile  foundations  of  a  structure  that  was  being 
demolished  and  replaced.  The  program  included  tests  on  6-pile  groups 
and  2-pile  groups  of  concrete-filled  Raymond  Step-Taper  piles  as  shown 
in  Figs.  5.5  and  5.6.  Soil  conditions  consisted  of  soft  clays  and 
silty  clays  of  high  water  content.  Although  no  data  were  reported 
from  laboratory  testing,  SPT  (Standard  Penetration  Test)  blowcounts 
were  typically  2  to  3.  The  piles  were  embedded  some  83  ft  and  their 
tips  reached  a  layer  of  hardpan.  Actual  spacings  between  piles  was 
not  reported.  All  of  the  piles  were  embedded  into  massive  concrete 
pile  caps,  some  of  which  were  excavated  to  eliminate  passive  soil 
resistance  and  some  of  which  were  not.  Loads  were  essentially  stat- 
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ically  applied,  although  several  cycles  of  load  were  used.  Loads  and 
deflections  of  the  pile  caps  were  measured;  load  deflection  plots  of 
the  results  of  these  tests  are  presented  in  Figs.  5.5  and  5.6. 

Kim  and  Brunqraber  -  Lewi sburq ,  Pennsylvania 

During  1970  and  1971,  tests  were  performed  by  researchers  from 
Bctknell  University  (Kim  and  Brungraber,  1976)  on  a  site  in  Lewisburg, 
Pennsylvania.  Soils  at  the  site  consisted  of  stiff  silty  and  sandy 
clays  having  SPT  blowcounts  in  the  range  of  30  to  40.  The  3  groups  of 
piles  each  consisted  of  6  10BP42  steel  H  piles  spaced  approximately  3 
ft  on-center,  and  driven  to  refusal  on  limestone  at  a  depth  of  40 
feet.  One  of  the  groups  contained  4  battered  piles.  Two  isolated 
piles  were  also  tested.  A  general  layout  of  the  site  is  presented  in 
Fig.  5.7.  All  piles  were  extended  into  a  concrete  pile  cap,  which 
rested  upon  but  was  not  embedded  into  the  subgrade.  Some  piles  were 
instrumented  with  strain  gauges,  as  shown  in  Fig.  5.7,  to  measure 
bending  moments  during  loading. 

Various  combinations  of  vertical  and  horizontal  loads  were 
applied  to  the  piles.  Loadings  were  essentially  static  and  were 
applied  in  such  a  manner  as  to  model  the  construction  and  loading  of  a 
bridge  abutment.  Several  cycles  of  some  loads  were  applied,  but  no 
series  of  repetitive  loadings  were  reported.  Some  loads  were  held  for 
as  long  as  24  hours  to  investigate  the  effects  of  short-term,  sus¬ 
tained  loading. 

Some  of  the  results  of  the  Lewisburg  study  are  presented  in 
Figs.  5.8  and  5.9.  The  loadings  that  were  used  did  not  approach  the 
limiting  stresses  in  the  piles,  and  the  load-deflection  curves  are 
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nearly  linear  up  to  the  maximum  load  that  was  applied.  Bending 
moments  shown  in  the  figures  indicate  the  maximum  negative  moments  at 
the  pile  cap.  These  moments  have  been  extrapolated  from  the  nearest 
gauge  level.  Kim  and  Brungraber  noted  that  the  results  indicate  an 
efficiency  of  the  groups  of  greater  than  one,  when  compared  to  the 
single-pile-test  results.  Matlock  (1976)  pointed  out  the  fact  that 
dirferences  in  top  restraint  could  account  for  much  of  the  increase  in 
load  resistance  of  the  group,  but  also  computed  an  efficiency  of 
greater  than  one  when  taking  restraint  into  account.  The  frictional 
resistance  of  the  sliding  cap  under  the  substantial  vertical  load 
could  have  added  significantly  to  group  resistance. 

Other  observations  included  by  Kim  and  Brungraber  are  as  fol¬ 
lows  . 

1.  The  effects  of  sustained  loading  were  small. 

2.  Batter  piles  driven  to  bear  on  rock  were  substantially 

more  effective  than  vertical  piles  in  resisting  lateral 

load. 

3.  Pile  groups  containing  unsymmetrical ly  placed  batter  piles 

can  develop  sizeable  lateral  displacements  and  bending 

stresses  under  vertical  loading  only. 

4.  Increased  spacing  from  3  to  4  ft  between  piles  resulted  in 
a  large  increase  in  the  load  required  to  produce  a  given 
deflection  (note  that  the  group  with  the  4  ft  spacing  had 


5.  A  limited  number  of  cycles  resulted  in  a  small  increase  in 
lateral  deflections,  but  considerably  larger  increases  in 
the  bending  stresses. 

Although  the  piles  in  the  Lewisburg  tests  were  more  thoroughly 
instrumented  than  those  in  any  previous  group  test,  several  criticisms 
of  the  test  program  prevent  full  utilization  of  the  test  data  for  com¬ 
parison  with  available  analytical  techniques.  Some  examples  are: 

1.  The  pile  caps  were  resting  on  soil  and  supported  an 
unknown  portion  of  the  load  applied  to  the  groups. 

2.  The  strain  gauges  shown  in  Fig.  5.8  are  located  at  posi¬ 
tions  where  the  strain  may  not  be  representative  of  the 
bending  moment.  No  mention  was  made  in  the  1976  article 
of  calibration  of  the  instrumentation,  and  the  presence  of 
a  cover  plate  and  of  the  web  to  flange  corner  would  be 
expected  to  influence  the  strain  at  the  gauge  location. 

3.  There  can  be  errors  involved  in  the  extrapolation  of  meas¬ 
urements  of  bending  moment  below  grade  to  get  negative 
moments  at  the  pile  cap.  End  effects  from  the  pile  cap 
introduce  errors,  as  does  the  unknown  resistance  of  the 
soil  to  deflection  between  the  topmost  gauge  location  and 
the  base  of  the  cap. 

4.  Some  changes  in  soil  properties  could  have  occurred  during 
the  time  the  tests  were  in  progress;  the  site  was  not 
reported  to  have  been  flooded  during  this  period. 

5.  As  mentioned  by  Matlock  and  Foo  (1976)  in  their  discussion 
of  the  tests,  the  different  end  conditions  of  the  single 


pile  and  group  piles  do  not  allow  direct  comparison  of  the 
results. 


6.  The  soil  properties  and  soil  test  results  that  were  pre¬ 
sented  fail  to  give  sufficient  detail  for  a  thorough  study 
of  predictive  methods. 

Matlock,  Ingram,  Kelley,  and  Bogard  -  Harvey,  Louisiana 

Matlock  et  al  (1980)  reported  the  results  of  field  experiments 
with  groups  of  laterally-loaded  piles  in  a  very  soft  clay  at  Harvey, 
Louisiana.  These  tests  were  actually  performed  in  the  late  1960s 
under  the  sponsorship  of  several  oil  companies,  but  was  kept  proprie¬ 
tary  for  some  time.  Six  series  of  tests  were  made;  circular  groups  of 
five  and  ten  piles  were  loaded  statically  and  cyclically,  and  single 
piles  were  also  loaded  similarly.  Cyclic  degradation  in  the  response 
of  single  piles  has  been  observed  experimentally  and  well-documented. 
The  MatTock  et  al  study  represents  the  first  and,  in  fact,  only 
large-scale  experiment  prior  to  this  current  research  in  which  many 
cycles  of  load  have  been  applied  to  a  pile  group. 

The  piles  were  6.625  in.  diameter  by  45-ft-long  steel  pipes. 
The  piles  were  jacked  into  place  through  a  template.  The  template, 
shown  in  rig.  5.10,  also  served  as  the  loading  frame.  Moment-free 
connections  to  the  piles  were  made  at  two  points  as  shown  in  the  fig¬ 
ure,  and  these  connections  were  instrumented  to  allow  measurement  of 
load  to  many  of  the  piles.  Center-to-center  spacing  of  the  piles 
installed  through  the  template  was  1.8  diameters  for  the  10-pile 
groups  and  3.4  diameters  for  the  5-pile  groups.  Bending-moment  trans¬ 
ducers  consisted  of  strain  gauges  attached  to  a  device  that  could  be 


affixed  to  the  inside  of  a  pile  after  the  piles  were  jacked  into 


place.  These  transducers  were  placed  within  the  single  piles  and 
within  selected  piles  of  each  group  to  allow  some  indication  of  the 
distribution  of  bending  moment  with  depth.  It  should  be  noted  that 
these  transducers  were  not  used  in  sufficient  number  to  allow  defini¬ 
tive  interpretation  of  soil  resistance  and  deflection  as  a  function  of 
depth;  therefore,  p-y  curves  could  not  be  obtained  from  the  data. 

Soils  at  the  site  consisted  of  very  soft  to  soft  dark  gray 
organic  clay  with  water  contents  and  liquid  limits  in  excess  of  100. 
Shear  strengths  were  determined  by  unconfined  and  UU-type  triaxial 
tests  as  well  as  by  in-situ  vane  tests.  Undrained  shear  strengths 
ranged  from  1  to  3  lb/sq  inch.  The  piles  were  installed  into  a  15  ft 
wide  by  8  ft  deep  pit  to  avoid  near-surface  peats.  The  sides  of  the 
pit  were  supported  by  steel  sheet  piles  embedded  6  ft  below  the 
dredgel ine. 

Loading  was  controlled  by  monitoring  displacement  at  several 
points  and  applying  load  to  achieve  a  given  displacement.  Cyclic 
loading  was  performed  between  predetermined  forward  and  reverse  dis¬ 
placements  from  the  original  no-load  position,  with  the  reverse  dis¬ 
placement  set  at  a  constant  10%  of  the  forward  displacement.  At  least 
100  cycles  were  applied  at  each  displacement  setting.  For  the  static 
tests  and  for  the  cycles  which  data  were  to  be  taken,  the  load  was 
held  until  pile  reactions  were  stabilized.  Load  and  moment  transduc¬ 
ers  were  then  read  and  recorded.  The  time  required  for  the  load  to 
stabilize  was  reported  to  be  usually  about  ten  minutes. 
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Some  of  the  results  of  the  Harvey  experiment  are  summarized  in 
Figs.  5.12  and  5.13.  Noteworthy  observations  and  conclusions  made  by 
Matlock  et  al  include  the  following. 

1.  No  clearly  distinguishable  pattern  of  variation  was  found 
among  reactions  for  the  individual  piles  in  a  group;  vari¬ 
ation  in  bending  moment  generally  was  less  than  10%  from 
the  average  of  the  group. 

2.  Less  resistance  per  pile  was  developed  at  a  given 
deflection  for  increasing  number  of  piles  in  the  group  (at 
a  closer  spacing) . 

3.  The  onset  of  cyclic  deterioration  of  resistance  in  each  of 
the  pile  groups  occurred  at  approximately  the  same  small 
threshold  deflection. 

4.  Cyclic  deterioration  was  more  severe  for  the  10-pile  group 
than  for  the  5-pile  group.  Cyclic-load  response  of  the 
5-pile  group  tended  to  converge  toward  that  of  the  single 
pile.  The  gapping  of  the  soil  around  the  piles  during 
cyclic  loading  was  observed  to  merge  into  a  single  gap  in 
the  more  closely-spaced  10-pile  group. 

The  authors  noted  the  highly  inelastic  response  of  the  soft 
clay  soil  and  concluded  that  the  results  give  little  encouragement  to 
current  (1980)  concepts  of  elastic  interaction  among  piles  in  a  group. 

The  most  significant  criticism  of  the  Harvey  study  is  the  fact 
that  the  tests  were  conducted  in  a  relatively  deep  pit  as  shown  in 
Fig.  5.11.  The  effect  of  this  overburden  as  well  as  the  embedded 
sheet  piles  supporting  the  pit  walls  is  uncertain. 


Holloway,  Moriwaki,  Finno,  and  Green  -  Lock  and  Dam  26 

A  comprehensive  pile-test  program  was  conducted  near  Alton, 
Illinois  in  conjunction  with  the  investigation  of  rehabilitation  of 
Lock  and  Oam  26  on  the  Mississippi  River.  As  part  of  this  program,  an 
8-pile  group  of  timber  piles  in  sand  was  loaded  laterally  to  failure 
under  constant  axial  load  (Holloway  et  al,  1981). 

The  test  program  was  designed  to  model  the  behavior  of  an 
existing  monolith  in  the  dam  as  nearly  as  possible,  and  was  thus  sub¬ 
jected  to  some  "conditioning"  prior  to  testing  to  failure.  Timber 
piles  with  a  butt  diameter  of  14  in.  were  installed  to  a  depth  of  35 
ft  on  3  ft  centers  in  a  2  x  4  group.  The  piles  were  installed  by  jet¬ 
ting  to  a  depth  of  25  to  30  feet.  The  driving  of  the  final  5  ft  of 
penetration  was  done  with  a  Vulcan  No.  1  air  hammer.  The  authors 
reported  that  in-situ  tests  on  the  alluvial  sands  indicated  a  marked 
increase  in  penetration  resistance  and  levels  of  horizontal  stress  in 
the  upper  20  ft  after  driving,  and  that  the  adverse  effects  of  jetting 
should  thus  have  been  more  than  offset  by  densi  f  i  cati  on  from  driving 
the  final  5  ft  of  the  piles.  The  results  of  the  in-situ  tests  per¬ 
formed  after  driving  indicated  the  sand  to  be  dense  to  very  dense. 

The  piles  were  embedded  into  and  loaded  through  a  massive  con¬ 
crete  pile  cap  that  was  not  in  contact  with  the  ground  during  the 
test.  The  test  arrangement  is  sketched  in  Fig.  5.14.  Figure  5.15 
illustrates  the  instrumentation  provided  on  the  test  piles,  that 
included  strain  gauges  and  telltales  for  monitoring  load  transfer 
Inclinometer  casing  on  the  corner  piles  allowed  the  measurement  of 
lateral  movements  with  depth. 
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Fig.  S.1S  Timber  Pile  Inetrumentatlon  -  Lock  end 
Dam  26  (aftar  Holloway  at.  al.,  1981) 


Prior  to  testing  the  group  to  failure,  the  group  was  subjected 
to  cyclic  lateral  loading  at  an  intermediate  load,  and  a  sustained 
lateral  load  while  driving  steel  piles  nearby.  At  the  end  of  these 
"preconditioning"  loads,  permanent  pile  cap  displacements  of  1  to  1.5 
inches  in  the  vertical  direction  and  2.2  inches  in  the  horizontal 
di-ection  were  measured.  The  group  was  then  loaded  to  failure  while 
maintaining  a  constant  vertical  load  of  240  tons.  The  load  was 
applied  in  steps,  and  data  from  the  instruments  were  read  after  the 
rate  of  horizontal  displacement  reached  0.01  in. /hr  or  less.  Failure 
was  defined  as  the  load  at  which  the  rate  of  horizontal  displacement 
did  not  stabilize  within  a  few  hours. 

Figures  5.16  and  5.17  present  some  of  the  results  of  the 
experiment,  along  with  predictions  made  by  Holloway  using  the  PGR0UP2 
(similar  to  PILGP2R)  model  described  in  this  report.  Holloway  et  al 
made  several  interesting  observations  concerning  the  results. 

1.  Significant  differences  in  response  occurred  between  the 
front  and  rear  piles. 

2.  The  greatest  differences  in  soil  resistance  between  the 
front  and  rear  piles  occurred  at  the  shallower  depth,  with 
the  front  piles  encountering  a  stiffer  and  stronger  soil 
resi stance. 

3.  Cyclic-lateral  loading  softened  the  soil  resistance  at 
shal 1 ow  depths . 

4.  Vibrations  from  driving  nearby  piles  produced  significant 
pile-soil  deformations  with  only  minor  changes  in  mobi¬ 


lized  soil  resistance. 


A  series  of  model  tests  of  short,  1-in.  diameter  piles  were 
conducted  to  investigate  the  efficiencies  of  pile  groups  (Cox,  Dixon, 
and  Murphy,  1984).  In  a  parametric  study,  tests  were  performed  on 
groups  of  1,  3,  and  5  piles  arranged  in  in-line  and  side-by-side  con¬ 
figurations.  Penetrations  of  2,  4,  6,  and  8  diameters  were  used  on 
clear  spacings  of  0.5,  1,  2,  3,  and  5  diameters.  The  tests  were  per¬ 
formed  in  a  very  soft  clay,  placed  within  a  25  in.  square  by  16  in. 
deep  box.  The  soil  was  a  Wilcox  clay  of  moderate  plasticity  that  was 
placed  at  a  water  content  very  near  the  liquid  limit  (61?o).  Details 
were  not  given  on  the  method  of  compaction,  but  miniature  vane  tests 
run  in  situ  indicated  an  undrained  shear  strength  of  about  42  lb/sq 
foot. 

The  lateral  loading  was  applied  to  the  piles  in  one  direction 
at  a  slow  rate  of  movement.  The  piles  were  rigidly  held  in  a  loading 
frame  and  loaded  with  a  constant  deflection  for  all  of  the  piles  in 
the  group.  Instrumentation  provided  for  measuring  load  and  displace¬ 
ment  in  each  of  the  piles,  as  the  principal  objective  was  to  determine 
the  efficiency  of  various  configurations  with  respect  to  the  single 
piles.  The  results  of  the  study  are  summarized  in  Fig.  5.18  as  a  plot 
of  average  group  efficiency  vs.  clear  spacing,  expressed  in  pile  diam¬ 
eters.  The  term  "efficiency"  is  defined  as  the  load  on  a  pile  in  a 
group  divided  by  the  load  on  a  single  isolated  pile  at  the  same 
deflection.  As  one  might  expect,  the  in-line  piles  had  much  lower 
efficiencies  than  the  side-by-side  groups,  with  decreasing  efficiency 
with  decreasing  spacing. 
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FIq.  5.18  Efficiency  of  Pile  Groups  -  Model  Piles 


(offer  Cox  of.  si.,  1984) 


SUMMARY  AND  CONCLUSIONS 


A  number  of  experiments  have  been  described.  Most  of  the 
experiments  were  performed  to  investigate  a  specific  situation  and 
were  not  designed  to  be  general.  Three  of  the  experiments  with  groups 
(Lewisburg,  Harvey,  and  Lock  and  Dam  26)  have  had  some  provision  for 
measuring  bending  moments  with  depth.  Of  these  three,  only  the  Harvey 
and  the  Lock  and  Dam  26  studies  had  provisions  for  determination  of 
the  distribution  of  load  to  the  piles.  Only  the  Harvey  experiment 
incorporated  repetitive  cyclic  loading  to  failure  under  conditions 
approaching  offshore  loadings.  The  Harvey  experiment  was  performed  on 
6.625-in.  piles  in  a  very  soft  clay,  while  the  Lock  and  Dam  26  exper¬ 
iment  was  performed  in  sand. 

In  considering  the  objectives  of  the  current  research,  it 
appears  that  only  the  Harvey  experiment  performed  by  Matlock  et  al 
offers  a  basis  for  comparison.  Even  though  the  Harvey  tests  were  sim¬ 
ilar  to  the  current  research  in  some  ways,  that  study  was  performed  in 
much  softer  soil  with  more  limited  instrumentation  (i.e.,  fewer 
strain-gauge  installations).  It  appears  that  the  current  research 
program,  involving  a  cyclically  loaded  and  well-instrumented  group  in 
stiff  clays,  will  provide  much  needed  information  not  previously 
available.  In  view  of  the  extremely  limited  test  data  that  are  avail¬ 
able,  it  could  also  be  concluded  that  any  wel  1 -i nstrumented  test  on  a 
pile  group  would  provide  much  needed  information. 
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TESTING  PROGRAM 


INTRODUCTION 

The  primary  objective  of  the  testing  program  was  to  conduct  a 
wel 1 -i nstrumented  test  of  a  pile  group  under  lateral  loading  to  obtain 
data  that  will  aid  in  explaining  how  pile  groups  behave  during  lateral 
loading  and  what  factors  influence  this  behavior.  In  order  to  make 
the  most  of  the  research  funds  that  were  available,  the  testing  pro¬ 
gram  was  designed  to  utilize  an  existing  group  of  piles  at  a  site  on 
the  campus  of  the  University  of  Houston  that  had  already  been  the  sub¬ 
ject  of  an  extensive  geotechnical  investigation.  The  near-surface 
soils  at  the  site  consist  of  stiff,  overconsolidated  clays  of  the 
Beaumont  formation,  a  Pleistocene-aged,  terrace  deposit.  The  group  of 
piles  was  the  subject  of  an  FHWA-sponsored  research  project  concerning 
an  investigation  of  the  behavior  of  groups  of  piles  under  axial  load¬ 
ing.  The  characterization  of  the  site  and  the  behavior  of  the  piles 
during  and  after  installation  was  well  documented  and  reported  in 
several  excellent  articles  in  journals  (Mahar  and  O'Neill,  1983;  and 
O'Neill,  Hawkins,  and  Audibert,  1982).  For  purposes  of  the  current 
study,  the  site  was  flooded  for  an  extended  period  in  an  attempt  to 
saturate  the  soil.  Water  was  kept  above  the  ground  surface  and,  when 
testing  the  piles,  cyclic  loading  was  used  to  simulate  typical  load¬ 
ings  from  storms  in  an  offshore  or  waterfront  environment.  Details  of 
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the  arrangement  for  the  test  and  procedure  that  was  employed  are  pre¬ 
sented  in  the  paragraphs  that  follow. 

INSTALLATION  ANO  HISTORY  OF  THE  PILES 

Details  of  the  installation  of  the  piles  and  the  arrangement 
for  testing  them  under  axial  loading  are  well  documented  by  O'Neill  et 
al  (1981).  A  brief  summary  is  presented  below. 

The  piles  used  for  the  O'Neill  study  consisted  of  a  group  of  9 
steel  pipes,  10.75  inches  in  outside  diameter,  with  wall  thicknesses 
of  0.365  inches.  The  piles  were  installed  in  1979,  in  a  3  by  3 
arrangement  with  a  nominal  spacing  of  3-pile  diameters  on  centers. 
The  piles  were  driven  closed-ended  to  a  depth  of  43  ft  (about  40  ft 
below  final  grade).  Prior  to  pile  driving,  a  pilot  hole  was  excavated 
to  serve  as  a  guide.  This  hole  was  8  inches  in  diameter  and  extended 
to  a  depth  of  10  feet.  Instrumentation  revealed  that  there  was  little 
resistance  to  driving  in  the  upper  21  ft,  but  the  same  near-surface 
soils  provided  substantial  load  transfer  during  subsequent  axial-load 
testing.  Apparently,  the  soils  of  the  upper  20  ft  rapidly  built  up 
lateral  pressure  against  the  wall  of  the  pile  because  of  swelling  of 
the  soil  after  completion  of  the  driving  of  the  piles.  Four  days 
after  pile  driving,  lateral  earth  pressures  were  measured  below  a 
depth  of  9  ft  and  indicated  a  lateral-earth-pressure  coefficient  of  2 
to  3;  this  was  somewhat  higher  than  the  measured  in-situ  pressures, 
although  the  difference  was  less  distinct  nearer  the  surface.  The 
maximum  heave  of  the  ground  surface  was  approximately  1  in.  near  the 
outer  perimeter  of  the  group.  The  total  surface  heave  that  was 


observed  accounted  for  about  30%  of  the  theoretical  volume  of  the  dis¬ 
placed  soil.  Results  from  tests  with  the  static  cone,  conducted 
before  and  5  months  after  installation  of  the  group,  showed  no  evi¬ 
dence  of  a  reduction  in  shear  strength.  Inclinometer  surveys  after 
driving  revealed  only  very  slight  batter  in  the  piles,  averaging  about 
1.5%.  The  largest  drift  occurred  in  the  northeastern-most  pile 
(labelled  pile  "A"  in  the  current  study,  see  Fig.  6.9)  that  was  bat¬ 
tered  to  the  northeast  about  3.5%. 

The  piles  of  the  group  were  framed  together  with  a  large  con¬ 
crete  cap  and  loaded  axially  to  failure  several  times  during  1979  and 
1980.  Between  1980  and  1982,  a  vibrator  was  mounted  atop  the  cap  and 
the  dynamic  response  of  the  group  was  measured.  The  maximum  lateral 
movements  that  were  observed  during  dynamic  testing  were  about  0.10 
inches.  In  March  of  1983,  the  group  was  used  as  a  lateral  reaction 
for  another  load  test  which  caused  a  deflection  of  0.20  in.  to  the 
south  (see  Fig.  6.9  for  directions).  In  the  fall  of  1983,  the  current 
research  was  begun.  The  cap  was  removed  and  a  2-ft-deep  pit  was  exca¬ 
vated  and  flooded  in  October,  1983.  The  soil  around  the  group 
remained  submerged  through  the  testing  program  that  began  in  May, 
1984. 

SOIL  CONDITIONS  AT  THE  TEST  SITE 
Genera  1 

No  additional  investigation  of  soil  conditions  has  been  per¬ 
formed  specifically  for  this  study.  Work,  on  site  investigation  was 
performed  for  previous  FHWA-sponsored  research  and  is  presented  in 


detail  in  Appendix  C  of  the  referenced  report  by  O'Neill,  Hawkins,  and 
Mahar  (1980).  The  results  of  the  geotechnical  investigation  for  that 
study  are  also  presented  in  a  referenced  paper  by  Mahar  and  O'Neill 
(1983).  Also,  considerable  additional  work,  has  been  done  in  conjunc¬ 
tion  with  proprietary  research  on  the  site,  and  the  sponsors  of  that 
research  have  consented  to  release  data  on  soil  conditions  for  publi¬ 


cation  in  this  report.  The  paragraphs  which  follow  utilize  all  of 
this  available  information  to  provide  a  brief  description  of  the  soil 
conditions  at  the  site. 


Geology  and  Strat 


As  mentioned  previously,  the  important  geological  formation 


for  purposes  of  this  research  is  the  Beaumont  formation  of  Pleistocene 
Age.  The  stiff,  preconsolidated  clays  and  silty  clays  of  this  forma¬ 
tion  extend  to  a  depth  of  about  ?4  ft  below  final  grade,  thus  encom¬ 
passing  the  zone  of  primary  importance  during  lateral  loading. 
Underlying  the  Beaumont  is  the  Montgomery  formation,  a  similar  but 
slightly  older  deposit.  Both  of  these  formations  are  deltaic  Pleisto¬ 
cene  terraces,  deposited  during  interglacial  periods  and  preconsol¬ 
idated  by  desiccation  during  periods  of  glaciation  (when  the  sea  level 
was  lowered).  Figure  6.1  illustrates  the  general  stratigraphy  of  the 
test  site,  along  with  the  results  of  some  general  classification 


tests.  Geotechnical  work  revealed  the  slickensided  nature  of  stratum 


II,  and  excavations  made  after  the  current  group  test  revealed  stratum 
I  to  have  a  secondary  structure.  The  clays  of  the  upper  6  to  8  ft 


were  observed  to  contain  a  pattern  of  very  closely  spaced  joints  or 
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STRATIGRAPHY 
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Fig.  6.1  Stratigraphy  at  Tast  Sita 
(1  ft  aguala  0.305  m) 


<%"*  V1 

■frfcfa 


fissures  (on  the  order  of  1/4  in.  spacing),  making  the  clay  seem  fria¬ 
ble  and  crumbly. 

Shear  Strength 

Testing  for  evaluation  of  shear-strength  parameters  has  con¬ 
centrated  on  undrained  laboratory  tests  and  in-situ  tests.  Such  tests 
have  included: 

1.  unconsolidated,  undrained  (UU)  triaxial  tests, 

2.  isotropically  consolidated,  undrained  (CIU)  triaxial 
tests , 

3.  quasi-static  cone  penetration  tests  (CP),  using  an  elec¬ 
tronic  cone, 

4.  field,  vane-shear  tests  (FVT), 

5.  self-boring  pressuremeter  tests  (SBP), 

6.  Kq  consolidated  triaxial  tests,  and 

7.  consolidation  tests. 

Items  5,  6,  and  7  were  performed  only  during  the  earlier  FHWA  work, 
and  thus  were  not  performed  after  subjecting  the  site  to  flooding. 
The  UU  tests  were  performed  with  a  cell  pressure  of  1.5  times  the 
total  overburden  pressure,  and  the  CIU  tests  were  performed  with  con¬ 


solidation  to  1.2  times  the  effective  vertical  stress  (o  ).  The 

v  vc' 

undrained  shear  strengths,  S^,  from  the  cone  penetration  tests  were 
computed  from  the  cone  tip  resistance,  qc>  using: 


where  Nc  is  the  cone  tip  bearing  capacity  factor  and  is  the  total 
vertical  overburden  stress. 
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Data  gathered  from  the  FHWA  study  (O'Neill  et  al,  1980)  are 
presented  in  Fig.  6.2.  These  tests  were  made  on  the  site  in  ■  t s 
natural  condition,  before  flooding  or  pile  installation.  Tne  static- 
cone-penetrometer  values  shown  in  that  figure  are  averages  based  on 
three  soundings  made  prior  to  pile  installation  (in  1979).  These  val¬ 
uer  are  based  on  an  assumed  value  of  Nc  =  10,  as  presented  in  the  FHWA 
report.  Because  that  study  investigated  axial  pile  capacity,  the 
testing  tended  to  concentrate  on  soils  at  fairly  substantial  depths. 
Subsequent  work  has  emphasized  strengths  in  the  upper  15  ft,  as  shewn 
in  Fig.  6.3.  The  strengths  shown  in  Fig.  6.3  were  determined  on  the 
soils  below  the  large  1.5-ft-deep  pit,  after  several  months  of  submer¬ 
gence.  Measurements  of  compression-wave  velocity  from  cross-hole 
seismic  tests  indicated  that  a  present  saturation  in  excess  of  99%  was 
achieved  by  this  soaking.  Only  the  uppermost  few  inches  became 
noticeably  softened  by  soaking;  pore-pressure  changes  in  the  clays 
below  the  top  few  inches  produced  only  subtle  changes  in  soil  behav¬ 
ior.  Because  the  N  value  of  10  used  in  the  earlier  work  was  felt  to 

c 

be  too  low,  a  value  of  Nc  =  13.6  was  used  in  determining  shear 
strength  from  CPT  tests  in  Fig.  6.3.  This  value  is  based  upon  corre¬ 
lations  of  cone  tip  resistance  (neglecting  the  occasional  "spikes"  in 
the  continuous  record  of  cone  tip  resistance  vs.  depth)  with  vane 
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shear  strength. 

As  is  typical  of  a  desiccated  clay,  these  plots  reveal  consid¬ 
erable  scatter  in  shear-strength  data,  even  for  a  single  type  of  test. 
Mahar  and  O'Neill  (1983)  hypothesize  that  the  cracks  produced  during 
desiccation  allow  spatial ly-variable  suction  pressures  in  the  pore 
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spaces,  thus  leading  to  pointwise  and  directional  variability  in  shear 
strength  and  water  content.  The  very  close  spacing  between  cracks  in 
stratum  I  could  partially  account  for  the  somewhat  less  prominent  var¬ 
iability  in  this  zone.  The  numerous  sand  pockets  and  lenses  in  stra¬ 
tum  IA  likely  produced  much  scatter  in  this  zone,  especially  in  CPT 
values. 

The  in-situ  vane-shear  tests  readily  offer  some  indication  of 
the  sensitivity  of  the  soil.  Presented  in  Fig.  6.4  is  a  plot  of  peak 
and  residual  shear  strengths  vs.  depth  for  the  upper  5.5  ft  below  the 
pit,  as  indicated  by  the  field-vane  tests.  Residual  values  were  taken 
as  that  indicated  after  2  complete  C 360® )  turns  of  the  vane.  These 
data  appear  to  indicate  a  sensitivity  in  this  zone  of  about  2. 

Other  Properties 

The  existing  state  of  stress  in  the  ground  and  resulting 

stress  anisotropy  affects  the  interpretation  of  any  measure  of 

undrained  shear  strength  as  well  as  the  correlation  of  to  mobilized 

soil  resistances.  Determinations  of  earth  pressure  at  rest  (K  )  were 

o 

made  by  several  methods  as  a  part  of  the  earlier  FHWA  study  and  are 
presented  vs.  depth  in  Fig.  6.5.  Although  no  tests  were  performed  on 
soils  shallower  than  9  ft  below  grade  (7.5  ft  below  pit  bottom),  the 
trend  revealed  by  Fig.  6.5  implies  that  Kq  is  likely  to  be  signif¬ 
icantly  higher  than  one  in  the  soils  of  importance  to  the  behavior  of 
piles  under  lateral  load. 


Other  material  properties  which  may  be  important  to  the  behav¬ 
ior  of  piles  under  lateral  load  include  the  unit  weight  of  the  soil 
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vs.  depth  as  determined  from  the  triaxial  specimens  is  presented  in 
Fig.  6.6.  Actual  stress-strain  plots  from  some  of  the  triaxial  tests 
can  be  found  in  Appendix  C  of  the  report  by  O'Neill  et  al  (1980).  A 
convenient  measure  of  the  stress-strain  behavior  in  a  triaxial  test  is 
the  strain  at  which  50%  of  the  failure  load  is  achieved,  e^q.  A  plot 
of  e^q  vs.  depth  is  provided  in  Fig.  6.7.  Two  fairly  large  e^q  values 
are  shown  in  the  upper  1  ft;  these  apparently  reflect  a  significant 
softening  due  to  flooding  the  site. 

Summary 

Considerable  data  from  a  variety  of  test  methods  have  been 
presented.  Soils  of  importance  to  the  behavior  of  piles  under  lateral 
load  are  components  of  the  stiff  Beaumont  Clay,  which  are  overconsol¬ 
idated  and  fissured  by  desiccation.  Material  properties  vary  consid¬ 
erably  from  point  to  point,  probably  due  to  the  nature  of 
overconsolidation  by  desiccation.  Determinations  of  Kq  indicate  the 
major  principal  stress  to  be  horizontal. 


ARRANGEMENT  FOR  LATERAL  TESTING 

The  testing  arrangement  for  this  research  was  designed  after 
careful  consideration  of  previous  research,  existing  conditions, 
available  funds,  and  research  objectives.  The  general  strategy  for 
the  test  setup  was  as  follows. 

1.  In  order  to  simulate  submarine  conditions  as  nearly  as 
possible,  the  site  would  be  flooded  for  an  extended  period 
of  time  prior  to  the  test.  The  flooded  condition  would 
allow  observation  of  the  effects  of  scour  ( i . e .  ,  the 
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scouring  action  of  water  forced  in  and  out  of  gaps  in  the 
soil  around  the  piles)  during  the  test.  The  extended 
soaking  period  would  bring  the  water  content  in  the  near 
surface  clays  to  a  condition  at  or  very  near  saturation. 

The  bending  moment  as  a  function  of  depth  would  be  meas¬ 
ured  in  all  piles.  The  technique  of  using  strain-gauge 
measurements  to  compute  pile  stresses,  bending  moments, 
and  p-y  curves  is  well  established.  Because  the  piles 
were  already  in  place,  a  plan  was  devised  to  instrument  a 
smaller  diameter  pipe  which  would  then  be  grouted  into 
place  in  each  pile  to  act  as  one  with  the  pile.  Instru¬ 
mentation  of  all  nine  piles  would  be  desirable,  so  that 
actual  variations  within  the  group  could  be  measured. 

The  cap  would  be  removed  and  a  loading  frame  installed, 
with  moment-free  connections  to  each  pile.  This  strategy 
was  dictated  by  the  following  considerations, 
a.  The  piles  were  not  the  type  of  thick-walled  section 
one  would  desire  for  a  lateral-load  test.  The  actual 
load  that  could  be  transmitted  to  the  soil  was  there¬ 
fore  somewhat  limited  due  to  structural  limitations  of 
the  piles;  large  bending  moments  would  occur  at  the 
base  of  the  cap.  Accurate  measurement  of  loads  to 
individual  piles  and  negative  moments  at  the  base  of 
the  cap  would  require  a  pair  of  strain-gauge  installa¬ 
tions  above  the  mudline,  separated  from  the  base  of 
the  cap  by  at  least  2  ft  to  avoid  end  effects  on  the 
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instrumentation.  A  separation  of  more  than  1  ft 
between  these  2  gauge  installations  would  be  needed  to 
allow  accurate  projection  of  moments  to  the  base  of 
the  cap,  as  well  as  to  allow  the  shear  load  to  be 
determined.  The  3  to  4  ft  or  more  needed  above  the 
mudline  for  instrumentation  would  result  in  increased 
moments  and  would  thus  make  the  structural  limitations 
of  the  piles  even  more  restrictive  in  terms  of  the 
amount  of  load  applied  to  the  soil. 

b.  Studies  by  Matlock  and  Ripperger  (1957)  showed  that 
even  a  pile  and  pile  cap  formed  from  a  solid  block  of 
material  would  not  act  in  a  truely  "fixed-end"  manner. 
Because  no  cap,  frame,  or  other  conceivable  pile-top 
restraint  could  act  as  a  perfectly  rigid  cap,  and 
because  the  actual  restraint  could  not  be  accurately 
measured,  the  actual  end  conditions  would  be  relative¬ 
ly  indeterminate.  A  well  controlled,  end-restrai nt 
condition  was  concluded  to  be  much  more  desirable  than 
the  indeterminate  condition  with  the  tops  of  the  piles 
embedded  in  a  concrete  cap. 

c.  The  use  of  a  moment-free  connection  would  be  identical 
with  that  of  a  nearby  single  pile  that  was  loaded  lat¬ 
erally  and  direct  comparison  of  results  would  be  pos¬ 
sible. 

d.  Loading  the  piles  through  a  frame  would  allow  the 
insertion  of  load  cells  into  the  frame  and  thus  would 
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resemble  closely  that  of  the  loading  from  a  storm  on  an 
offshore  structure.  The  load  was  to  be  applied  using  a 
constant  deflection  during  cycling  (and  allowing  the  load 
to  vary)  as  opposed  to  using  a  constant  load  during  cycl¬ 
ing  (in  which  deflections  would  vary).  Deflection  control 
had  two  primary  justifications. 

a.  It  was  felt  that  constant-deflection  cycling  would 
have  less  influence  on  pile  response  during  subsequent 
loadings. 

b.  The  aforementioned  load  test  of  the  individual  pile 
was  conducted  in  this  manner;  direct  comparison  of 
results  requires  that  similar  loading  procedures  be 
used. 

5.  A  separate  frame  for  supporting  instruments  would  be  used 
to  allow  measurement  of  deflection  and  slope  at  the  top  of 


the  piles.  These  measurements  were  needed  to  derive  p-y 
response  properly  from  the  bending-moment  data. 

6.  The  sheer  volume  of  data  to  be  acquired  and  the  need  for 
these  data  to  be  taken  quickly  and  efficiently  dictated 
that  an  electronic  data-acqui si tion  system  be  used. 
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With  the  above  guidelines,  the  specific  design  for  the  test  arrange¬ 
ment  was  worked  out;  details  are  described  in  the  paragraphs  that  f o 1  - 
1  ow. 

Site  Preparation 

Shown  in  Figs.  6.8  and  6.9  are  the  test-pile  group  and  sur¬ 
rounding  pit.  This  pit  was  approximately  1.5  ft  deep  and  was  kept 
rlooded  from  October,  1983,  to  the  time  of  the  test  in  May,  1984.  As 
can  be  seen  in  Fig.  6.8,  the  pit  extended  for  5  ft  (approximately  the 
width  of  the  group)  on  either  side  of  the  group  and  for  distances 
greater  than  four  times  the  width  of  the  group  in  the  two  directions 
of  loading.  The  reaction  was  provided  by  a  drilled  shaft  that  was  6 
ft  in  diameter  and  with  a  penetration  below  grade  of  36  ft;  the 
drilled  shaft  was  heavily  reinforced.  Details  of  the  design  of  this 
shaft  are  presented  by  Cunningham  (1984).  An  inclinometer  tube  was 
placed  within  the  reinforcing  cage  of  the  drilled  shaft  to  allow  some 
measurement  of  the  response  of  the  shaft  during  the  test. 

Mea s urements  of  Bending  Moments  in  the  Piles 

As  mentioned  previously,  the  bending-moment  measurements  were 
to  be  made  on  an  instrumented  pipe,  grouted  into  the  piles.  Due  to 
the  extensive  instrumentation  already  present  within  the  piles,  the 
first  task  was  to  clean  out  these  piles.  In  September,  1983,  Farmer 
Foundation  Company  of  Houston,  Texas  used  a  truck-mounted  drilling  rig 
with  a  9-in.  diameter  coring  bit  to  "drill  out"  each  of  the  10-in.  ID 
piles.  This  drilling  was  taken  to  a  depth  of  26  ft  below  grade;  a 


snarl  of  wires  and  twisted  metal  was  left  at  that  depth.  One  of  the 
obstructions  present  in  the  piles  was  a  1 . 5-i n . -square  tubing  that 


served  as  an  inclinometer  guide  during  the  earlier  research.  This 
tubing  had  been  spot  welded  to  the  pile  at  4  ft  intervals.  Coring  of 
the  first  two  piles  (piles  A  and  H)  completely  broke  this  tubing  away 
from  the  inside  of  the  piles  and  pushed  it  to  the  bottom.  Inspection 
of  the  remainder  of  the  piles  revealed  that  this  tubing  was  squeezed 
to  the  side  and  not  broken  loose.  This  flattening  was  sufficient  to 
allow  insertion  of  the  instrumented  pipe  without  problems  and  was 
therefore  of  concern  only  for  the  effect  upon  the  final  section  modu¬ 
lus  of  the  total  section.  This  effect  is  relatively  small,  partic¬ 
ularly  because  most  of  the  tubes  were  located  to  the  side,  near  the 
neutral  axis.  The  instrumented  piles  were  to  be  calibrated  after  com¬ 
pletion  of  the  test,  which  would  inherently  account  for  any  variations 
in  section  modulus.  No  attempts  were  made  to  remove  anything  left 
after  the  coring  operation  with  the  9-in.  bit. 

After  coring  was  completed,  a  plug  was  formed  atop  the  snarl 
in  each  pile  using  empty  cement  bags,  large  rounded  cobbles,  and  con¬ 
crete.  All  of  the  piles  except  pile  A  contained  water,  which  appar¬ 
ently  drained  into  the  open  tops  of  the  piles  from  rain  ponding  on  top 
of  the  concrete  cap.  This  water  was  pumped  out  prior  to  grouting  the 
pipes  into  place. 

The  physical  arrangement  of  pile,  pipe,  mudline,  and  gauge 
locations  is  shown  in  Fig.  6.10.  The  pipes  were  6-in.,  schedule  40, 
steel  pipe,  6.625-in.  outside  diameter  with  a  0.310-in.  wall  thick¬ 
ness.  Prior  to  laying  the  strain  gauges  centering  tabs  were  welded 
onto  the  pipes  to  ensure  proper  alignment  within  the  piles.  The 
"ears"  shown  in  Fig.  6.10  were  large  U-bolts  which  served  as  pick-up 
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points  and  as  stops  to  support  the  pipes  at  the  proper  elevation.  The 
pipes  were  marked  A  through  I  and  inserted  in  no  particular  order,  and 
the  result  is  the  pile-naming  sequence  of  Fig.  6.9.  After  placing  the 
pipes,  grout  was  pumped  into  the  center  of  the  pipe  and  forced  to  flow 
upward  to  the  surface  through  the  annular  space  between  the  outside  of 
the  pipe  and  the  inside  of  the  pile.  Figure  6.11  contains  two  views 
of  the  pipe  installation.  The  construction  procedure  that  was  adopted 
resulted  in  the  filling  of  the  inside  of  the  pipes  with  grout. 
Although  there  was  no  particular  desire  to  fill  the  pipes  with  grout, 
the  construction  procedure  that  was  used  was  thought  to  be  the  best 
way  to  ensure  that  no  voids  were  entrapped  in  the  annular  space.  The 
grout  mix  consisted  of  2  parts  of  fine  sand  to  1  part  of  cement  with  a 
water  to  cement  ratio  of  0.5.  The  mix  was  thus  quite  fluid,  with  a 
slump  of  about  10  inches.  The  grouting  operations  were  conducted  in 
March,  1984,  and  went  smoothly.  Some  grout  was  spilled  onto  the 
ground  surface  around  the  piles;  this  was  cleaned  up  the  next  day. 

The  strain  gauges  were  installed  on  the  exterior  of  the  pipes 
by  Norman  Peterson  of  Electronics  Measurement  Company.  The  gauges 
used  were  Micro-Measurements  CEA-06-500UW-120 .  Each  gauge-level  con¬ 
sisted  of  a  pair  of  gauges  on  each  side  of  the  pipe,  and  all  of  the 
gauges  were  sensitive  to  strain  in  the  vertical  direction.  The  4 
gauges  at  each  level  thus  allowed  completion  of  a  full-bridge  circuit 
for  bending  moment;  the  gauges  were  connected  such  as  to  cancel  axial 
load  and  temperature  effects  (see  Fig.  6.12).  Lead  wires  for  the 
half-bridge  on  each  side  of  the  pipe  extended  the  length  of  the  pipe 
to  minimize  the  possibility  of  snagging  a  wire  during  installation  of 
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the  pipes  and  grouting.  This  method  had  the  additional  advantage  of 
allowing  completion  of  the  bridge  at  the  control  panel  for  the 
data-acqui si tion  system;  if  any  gauges  were  damaged  during  installa¬ 
tion,  an  external  half-bridge  could  be  constructed  and  thus  allow  mea¬ 
surement  with  the  remaining  half-bridge  on  the  pipe.  Ail  gauges 
survived  installation  in  good  shape,  so  external  circuits  proved  to  be 
not  necessary.  The  lead  wires  were  encased  in  PVC  pipe  between  an 
instrument  trailer  and  the  test  site  (a  distance  of  about  25  ft). 
From  the  end  of  the  PVC  pipe  to  the  top  of  the  grout-filled  pile,  each 
bundle  of  wires  was  protected  by  a  flexible  sheathing  made  of  foam 
used  for  pipe  installation. 

A  well-established  procedure  was  followed  for  attaching  the 
strain  gauges  to  the  pipe. 

1.  The  gauge  locations  were  carefully  marked  on  each  side  of 
the  pipe. 

2.  All  rust  and  surface  irregularities  were  ground  off. 

3.  A  miniature  sand  blaster  and  fine  emery  cloth  were  used  to 
clean  the  pipe  surface  and  produce  a  smooth  finish. 

4.  The  surface  was  cleaned  with  a  neutralizer  and  thereafter 
was  not  touched  by  hand. 

5.  The  gauge  was  bonded  to  the  pipe  using  AE10/15  Epoxy  made 
by  Micro-Measurements  Corporation.  The  cement  was 


heat-cured  at  an  established  rate. 

6.  Leads  were  carefully  attached  and  the  entire  assembly  was 
coated  with  Gage  Coat  8,  a  clear  epoxy  made  by  Bean  Compa- 


7.  Mechanical  protection  and  waterproofing  was  provided  by 
two  layers  of  Matcoat,  a  soft  epoxy,  with  a  thin  brass 
shim  between  layers.  A  final  coating  of  Hysol  Epoxy  com¬ 


pleted  the  installation. 

8.  Resistance-to-ground  of  each  gauge  was  checked;  the  gauges 
were  removed  and  the  entire  procedure  was  repeated  if  the 
resistance  to  ground  was  less  than  50  megaohms. 

9.  The  ends  of  the  lead  wires  were  tagged  for  identification. 
The  gauge  circuits  were  completed  and  checked  over  a  one- 
day  period  within  one  week  after  grouting  and  all  were 
found  to  be  working  well.  The  process  of  checking  over  a 
24-hr  period  was  repeated  the  day  prior  to  the  test.  One 
gauge  station  appeared  to  drift  slightly;  the  top  level  on 
pile  F  may  have  been  damaged  by  some  of  the  welding. 
Because  there  was  not  time  to  complete  an  external  bridge 
and  check  out  the  new  circuit  without  delaying  the  test, 
this  gauge  level  was  simply  used  without  modification  with 
the  understanding  that  the  data  from  it  are  suspect. 

Loading  Frame  and  Load  Measurement 

Shown  in  Figs.  6.13  and  6.14  are  the  details  of  the  frame  used 
to  transmit  load  to  the  piles.  The  frame  was  designed  to  be  as  rigid 
as  possible,  with  a  maximum  deflection  between  any  two  piles  of  less 
than  0.10  in.  at  maximum  design  loads.  The  hinge-bracket  assemblies 
were  purchased  from  Universal  Vise  and  Tool  Company  of  Parma,  Michi¬ 
gan.  These  units  are  designed  for  use  as  hydraulic-cylinder  accesso¬ 
ries,  but  proved  ideal  for  the  purposes  of  this  project.  The  load 


cells  were  designed  to  thread  into  the  rod  clevis  with  lead  wires 
extending  through  the  rod  clevis  and  over  the  hinge  bracket.  The  load 
cells  were  constructed  in  the  following  manner. 

1.  A  1.25-in.  diameter  C1018  cold-rol 1 ed-steel  rod  was  cut  to 
the  appropriate  lengths  (11.5  to  13  in.  long). 

2.  Threads  were  cut  on  each  end  to  match  those  of  the  rod 
clevis  and  a  hole,  0.25-inch  in  diameter  by  9-inches  deep, 
was  bored  into  the  center. 

3.  A  full-bridge,  strain-gauge  circuit  was  constructed  using 
a  pair  of  T-rosette  gauges  that  were  fastened  to  a 
0 . 125- i n . -di ameter  steel  rod.  The  strain-gauge  circuit 
was  designed  to  be  temperature  compensating  and  to  cancel 
bending  stresses,  and  therefore,  to  be  sensitive  only  to 
axial  load. 

4.  The  rod  was  fastened  by  epoxy  cement  into  the  9-in. -deep 
hole  in  the  load  cell  and  allowed  to  cure. 

5.  The  completed  load  cell  was  checked  for  temperature  sensi¬ 
tivity  and  was  calibrated. 

The  following  procedure  was  used  to  place  and  connect  the 
loading-frame  system. 

1.  The  frame  was  set  into  place  around  the  piles  and  rested 
on  supports  that  placed  the  frame  at  the  proper  elevation. 

2.  The  plates,  containing  studs  for  mounting  the  hinge  brack¬ 
ets,  were  welded  to  the  piles. 

3.  The  nine  short  channels  to  serve  as  the  lower  supports  for 
the  mounting  plates  for  the  load  cells  for  each  pile  were 
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fitted  and  welded  into  place  using  the  proper  load  cell 


and  plate  assembly  for  each  pile  as  a  placement  guide. 


4.  Load  cells  and  hinge  assemblies  were  bolted  into  place  and 


bolted  to  the  1 oad-cel 1 -mounti ng  plates. 


5.  The  1  oad-cel  1 -mount  i  ng  plates  were  welded  to  the  lower 


support  channels. 


6.  The  upper  support  channels  were  fitted  into  place  and 


welded  to  the  1 oad-cel 1 -mounti ng  plates  and  to  the  frame. 


7.  Most  of  the  supports  under  the  frame  were  removed. 


An  additional  load  cell  to  be  used  as  a  backup  was  mounted  onto  the 


loading  ram  during  testing. 


Measurement  of  Deflection  and  Sloe 


Deflection  measurements  were  made  by  using  linear  potentiome¬ 


ters  of  the  conductive-plastic  type,  manufactured  by  Waters  Manufac¬ 


turing  of  Wayland,  Maine.  All  of  these  devices  were  individually 


calibrated  prior  to  the  load  test.  These  units  were  mounted  on  a  ref¬ 


erence  frame  as  shown  in  Fig.  6.15.  With  two  vertically-separated 


potentiometers  established  above  the  point  of  loading  on  each  pile, 


the  slope  of  the  top  of  each  pile  could  be  determined.  An  extension 


was  added  to  the  top  of  each  pile  to  provide  a  vertical  separation 


between  potentiometers  of  approximately  four  feet.  Because  no  shear 


force  was  present  in  the  piles  above  the  point  of  load,  the  two 


deflection-monitoring  points  could  be  conveniently  located  and  the 


deflection  at  the  load  point  easily  calculated.  In  addition  to  the 


eighteen  potentiometers  used  to  monitor  the  nine  piles,  two  potentiom- 


eters  were  used  to  monitor  the  movements  of  the  loading  frame  and  to 
ensure  that  relatively  plane  movements  were  occurring. 

The  reference  frame  shown  in  Fig.  6.15  was  supported  on  each 
side  of  the  pit  by  a  48- i n . -diameter  steel  casing  extending  to  a  depth 
in  excess  of  50  feet.  These  casings  were  used  in  the  earlier 
axial-load  tests  to  maintain  an  open  hole  to  the  earth  anchors  founded 
at  a  depth  of  about  100  feet.  To  minimize  temperature  distortions  of 
the  reference  frame,  a  large  tent  was  erected  to  provide  shade  as  well 
as  protection  from  rain.  Analyses  of  possible  movements  of  pile  group 
were  made  using  elastic  interaction  factors  and  the  procedure  outlined 
by  Poulos  (1971).  These  analyses  indicated  that  reference  pile  move¬ 
ments  should  be  less  than  .03  in.  for  the  maximum  loads  applied,  which 
would  result  in  errors  of  less  than  2  to  3%. 

Connections  between  the  potentiometers  and  the  pile  had  to  be 
designed  to  accommodate  rotation  as  well  as  vertical  displacement  as 
the  pile  moved.  An  inexpensive  and  effective  connection  was  devised 
using  1/4-in.  threaded  rod  and  two  joints  per  potentiometer  made  of 
heavy  duty  air  hose  and  hose  clamps.  The  potentiometers  and  con¬ 
nections  can  be  seen  in  Figs.  6.13,  6.14  and  6.15.  The  air  hose  was 
stiff  enough  to  transmit  the  small  axial  load  in  the  potentiometer 
core,  but  flexible  enough  to  permit  rotation.  The  use  of  threaded  rod 
and  hose  clamps  provided  insurance  against  slippage. 

Data-Acqui si tion  System 

Output  from  the  strain-gauge  circuits,  linear  potentiometers, 
and  load  cells  consisted  of  analog  signals  of  voltage.  These  devices 
were  all  powered  by  a  single  Kepco-regul ated  direct  current,  10  ampere 


power  supply  operated  at  approximately  5  volts.  The  signals  were  mon¬ 
itored  and  converted  to  digital  signals  by  2  Hewlett-Packard  3497A 
Data  Acquisition/Control  units  controlled  by  a  single  Hewlett-Packard 
85  microprocessor.  This  system  is  shown  in  Fig.  6.16  in  operation 
during  testing.  Upon  command  from  the  microprocessor ,  the  3497A  units 
stepped  through  the  132  channels  of  data,  reading  voltage,  converting 
the  voltage  to  a  digital  signal,  and  transmitting  the  signal  to  the 
microprocessor.  To  ensure  that  the  applied  voltage  from  the  power 
supply  was  not  fluctuating  during  the  reading  and  signal  processing,  3 
of  these  channels  were  dedicated  to  applied  voltage.  The  micro¬ 
processor  recorded  all  data  onto  a  cassette  tape,  then  converted  the 
readings  to  engineering  units  for  display.  The  calibration  factors 
that  were  found  by  experiment  were  used  for  all  load  cells  and  poten¬ 
tiometers;  estimated  calibration  factors  were  used  to  compute  bending 
moments  during  the  test.  The  following  read-sequence  was  used: 

1 .  the  10  load  cel  1 s, 

2.  the  10  potentiometers, 

3.  the  power  supply, 

4.  the  top  level  of  strain  gauges  in  each  of  the  9  piles, 

5.  the  second  through  the  seventh  levels  of  strain  gauges, 

successively  by  level, 

6.  the  power  supply, 

7.  the  remaining  strain  gauges,  successively  by  level,  and 

8.  the  power  supply. 

This  entire  process  took  about  20  sec,  during  which  the  deflection  of 
the  pile  group  was  maintained  constant.  The  process  of  data  acquisi- 
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tion  could  have  been  performed  faster,  but  at  the  expense  of  accuracy. 
At  the  speed  of  other  readings  and  at  the  level  of  the  applied  volt¬ 
ages  used  in  the  load  test,  a  sensitivity  of  1  x  10"‘  volts  per 
applied  volt  was  present  in  the  data  acquisition. 

Load  Application  and  Control 

The  load  during  testing  was  provided  by  a  double-acting 
hydraulic  actuator  with  a  12-in . -diameter  bore,  manufactured  by  the 
Miller  Fluid  Power  Corporation.  The  actuator  is  shown  in  Fig.  6.15  In 
place  between  the  loading  frame  and  another  frame  connected  to  the 
reaction  shaft.  Hydraulic  pressure  to  the  actuator  was  supplied  by  an 
MTS  model  510. 21B  hydraulic  pump  capable  of  supplying  21  gpm  (gallons 
per  minute)  at  a  pressure  of  3000  Ib/sq  inch.  Control  of  the  loading 
operation  was  maintained  by  a  Pegasus  Electro  Hydraulic  Servo  Control¬ 
ler,  which  operated  the  MTS  Servo  Valve  shown  in  Fig.  6.15.  An  MTS 
410  Digital  Function  Generator  was  used  to  provide  the  desired  loading 
pattern  and  a  linear  potentiometer  (the  same  type  used  on  the  piles) 
monitored  movement  of  the  loading  frame  and  provided  feedback.  Feed¬ 
back  was  observed  on  a  Dana  Model  5403  Digital  Voltmeter.  The  func¬ 
tion  generator  was  programmed  to  output  a  voltage  signal  which 
followed  a  sinusoidal  curve  of  voltage  vs.  time  (see  Fig.  6.17).  The 
period  of  this  sine  wave  was  kept  at  30  secs  to  model  that  of  the 
loadings  from  a  typical  offshore  storm  (although  most  major  storms 
have  waves  with  periods  that  are  probably  longer);  the  amplitude  was 
varied  during  the  test.  The  peak  voltages  in  the  positive  and  nega¬ 
tive  directions  were  established  to  coincide  with  those  desired  from 
the  feedback  potentiometer.  Microswitches  were  set  such  that  a  move- 


merit  of  the  loading  frame  significantly  in  excess  of  the  expected 
movement  would  cause  the  pump  to  shut  down.  When  the  loading  system 
was  started,  the  Pegasus  controller  constantly  checked  the  feedback 
signal  vs.  the  function-generator  signal  and  directed  the  pressure  to 
the  actuator  servo  valve  to  maintain  a  zero  difference.  The  speed 
w'th  which  the  actuator  could  push  or  pu’l  and  thus  keep  up  with  the 
function  generator  was  governed  by  a  15-gpm  flow  restriction  through 
the  servo  valve.  With  a  30  sec  period,  15  gpm  was  adequate  by  a  fac¬ 
tor  in  excess  of  2.  The  load-control  system  worked  quite  well. 

Test  Procedure 

The  following  procedure  was  used  during  testing. 

1.  A  desired  load  was  established  and  an  output  voltage  from 
the  large  load  cell  for  the  group  to  achieve  that  load  was 
computed.  One  of  the  data-acqui si tion  units  was  set  on 
"local"  to  display  the  output  from  that  load  cell. 

2.  Using  the  Pegasus  with  manual  control  (the  function  gener¬ 
ator  was  thus  inactive),  load  was  applied  to  achieve  the 
desired  load. 

3.  Data  were  read  immediately  from  all  devices  and  --ecs-'ded 
as  cycle  1,  compression  was  assumed  to  be  positive  for  a 
load  applied  to  the  north.  At  the  same  time,  the  output 
from  the  feedback  potentiometer  was  noted.  The  difference 
in  feedback  voltage  from  the  zero-load  position  was  input 
as  the  amplitude  of  the  sine  wave. 

4.  Tension  loading  was  applied  manually,  readings  again  tax- 
en,  and  recorded  as  cycle  1  tension  (south). 


5.  The  function  generator  was  activated  and  control  passed  to 


the  Pegasus;  cycling  at  constant  peak  deflection  pro¬ 
ceeded  . 

5.  Load  was  held  to  take  readings  on  cycles  5,  10,  20,  SO, 

100,  and  200  in  both  compression  and  tension  directions. 

7.  After  cycle  200,  the  next  load  was  established  and  the 
process  repeated. 

OBSERVATIONS  DURING  LOAD  TESTING 

The  test  was  begun  at  about  9:00  a.m.  Thursday,  May,  17,  1984. 
Readings  of  the  instrumentation  were  taken  just  prior  to  commencing 
the  test  to  establish  zero  values.  All  subsequent  data  were  compared 

to  these  zero  values.  The  test  was  conducted  at  S  load  levels,  large¬ 

ly  in  accordance  with  the  planned  procedure  outlined  previously.  The 
first  load  was  cycled  only  100  times  rather  than  200,  because  litt’e 
degradation  occurred  at  the  small  load. 

At  cycle  46  of  the  second  load  level  a  loud  pop  was  heard. 
The  test  was  stopped  and  the  frame  inspected.  A  weld  had  broken  at 

the  juncture  between  the  1 oad-ce 1 1 -mount i ng  plate  and  the 

lower-channel  beam  at  pile  F.  No  damage  was  apparent  beyond  the  bro¬ 
ken  weld,  so  it  was  quickly  repaired  and  the  test  resumed.  The  load 
cell  on  pile  F  appeared  to  be  unaffected  after  the  weld  was  repaired. 
A  similar  incident  occurred  on  the  13th  cycle  of  load  4  on  pile  I. 
Again,  the  weld  was  repaired,  the  test  resumed,  and  no  discrepancies 
in  the  load  cell  could  be  detected. 


•  V*  «  **'.  fi  if. 


Load  5  was  commenced  like  all  of  the  others,  but  shortly  after 
the  first  readings  were  taken,  a  chain  reaction  of  break-'ng  welcs 
occurred  on  pi  e s  A,  G,  H,  0,  and  E  in  the  same  spot  that  the  previous 
welds  had  broken.  The  microswitches  shut  down  the  pump  and  stopped 
the  test.  Apparently,  the  welding  of  the  mounting  plate  to  the  Icw- 
e-'-channel  flange  had  resulted  in  fatigue  to  those  welds  due  to 
be 'lection  of  the  channel  flange.  The  construction  sequence  used  a^d 
described  previously  was  designed  to  allow  field  fitting  of  the  mount 
of  each  load  cell;  however,  it  was  difficult  to  weld  properly  the 
mounting  plate  along  the  web  of  the  lower-channel  beam.  When  the  5 
welds  broke,  some  of  the  load  cells  were  noticeably  bent. 

The  welds  were  repaired  and  load  5  was  then  continued  by  load¬ 
ing  in  the  tension  direction  only;  the  broken  welds  were  not  stressed 
at  all  during  tension  loading.  Cycling  was  done  between  full-tension 
deflection  and  zero  deflection,  with  the  period  decreased  from  30  to 
15  seconds.  The  test  was  thus  completed  (load  5  was  the  last  load) 
without  further  incident.  Zero  readings  were  taken  after  completion 
to  allow  some  attempt  at  making  sense  of  the  readings  of  the  load 
ceils  during  load  5;  however,  these  readings  should  »-emain  suspect. 
These  values  of  the  loads  on  the  individual  piles  are  not  necessar> 
for-  i nterpretati on  of  other  data. 

Two  of  the  uppermost  potentiometers  were  moved  at  the  start  of 
load  5  to  avoid  the  possibility  of  their  running  out  of  travel  during 
load  5;  readings  of  these  potentiometers  were  merely  referenced  to  a 
new  ze-o  for  tne  remainder  of  the  test.  The  test  was  completed  at 
about  3 : CO  a.m.,  18  hrs  after  testing  had  begun.  After  a  period  of  1 


week,  several  readings  were  taken  under  statically-applied  loads  to 
examine  the  possibility  of  any  soil  rebound.  The  load-test  system  was 
then  dismantled. 

During  testing,  large  gaps  formed  around  each  of  the  piles  as 
illustrated  by  Fig.  6.18.  Substantial  clouds  of  fine-grained  sediment 
were  observed  to  be  forced  out  of  these  gaps  with  each  cycle  of  load 
as  water  was  alternately  sucked  in  and  pushed  out  of  these  gaps  during 
cycling.  Because  the  sediment  pumped  out  of  the  gaps  was  gray  and  the 
soil  surface  predomi nantly  brown,  the  effect  was  very  noticeable.  The 
day  after  the  test  was  performed  a  soupy  gray  muck  some  1  to  2  in. 
thick  was  present  over  the  surface  of  the  pit  all  around  the  pile 
group.  This  gray  color  was  more  typical  of  the  silty  clay  material 
below  a  depth  of  4  ft  (stratum  IA  in  Fig.  6.1)  than  of  the  surface 
clay. 

Data  from  the  test  are  presented  in  Appendix  A.  Data  on  bend¬ 
ing  moments  are  computed  based  upon  a  field  calibration.  Tne  cali¬ 
bration  was  performed  after  completion  of  the  test  and  is  described  in 
the  following  section. 

CALIBRATION  AND  ACCURAL f  OF  DATA 

Field  calibration  of  the  strain-gauge  circuits  used  to  deter¬ 
mine  bending  moment  was  performed  to  better  account  for  variations  in 
pile  stiffness.  After  completion  of  the  load  test,  a  gao  had  been 
formed  abound  the  piles  to  a  considerable  depth;  this  gap  allowed  the 
top  7  gauge  stations  to  be  loaded  as  a  cantilever  beam.  A  rough  field 
calibration  was  computed  by  comparing  the  calculated  moment  at  each 


gauge  location  (the  shear  load  at  the  top  times  the  distance  below  the 


loading  point)  to  the  gauge  output.  At  a  later  date,  the  soil  was 


excavated  around  the  piles  to  a  depth  of  9.5  ft  and  a  similar  cali¬ 


bration  performed.  This  method  of  calibrating  the  piles  for  the 


acquisition  of  data  on  bending  moments  is  somewhat  limited  by  virtue 


of  the  fact  that  the  uppermost  gauge  stations  cannot  be  loaded  to  as 


great  a  stress  as  occurred  during  the  load  test;  thus,  some  extrapo¬ 


lation  was  required. 


The  calibration  procedure  distinguished  local  variations  in 


pile  stiffness  (El),  as  well  as  some  variation  between  piles.  Sources 


of  local  variation  in  El  were  expected  due  to  the  presence  of  the  pre¬ 


viously  installed  instrumentation  such  as  stress  cells  and  inclinome¬ 


ter  tubing  that  were  used  in  the  vertical-load  study.  Additionally, 


the  use  of  cement  grout  produces  some  variation  in  El  during  testing 


because  the  grout  cracks  on  the  tension  side  of  the  pile.  Calibration 


of  the  piles  after  testing  includes  the  effects  of  the  cracking  which 


occurred  during  the  last  and  most  severe  loading;  this  calibration  is 


therefore  incorrect  for  the  early  stages  of  loading,  during  which  the 


grout  is  likely  to  be  less  severely  cracked.  The  grout  used  in  the 


test  piles  of  this  group  theoretically  accounts  for  about  15%  of  the 


total  stiffness  of  each  pile;  one-half  or  less  of  this  stiffness  may 


be  lost  due  to  cracking,  thus  leading  to  possible  errors  in  indicated 


bending  moments  at  the  lower  loads.  Variations  in  average  pile  stiff¬ 


ness  among  piles  is  likely  due  to  the  presence  or  absence  of  the 


inclinometer  tubing  that  was  installed  during  the  previous  study. 
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Another  factor  that  must  be  considered  is  the  accuracy  of  the 
gauges  themselves.  The  gauge  arrangement  in  this  test  did  not  allow 
strain  measurements  to  be  made  at  the  extreme  fibers  of  the  piles,  but 
rather  at  a  location  less  sensitive  to  bending  moments.  This  fact  was 
somewhat  compensated  for  by  the  use  of  a  bridge  with  4  active  gauges 
at  each  station.  Calculated  variability  in  the  output  of  each  gauge 
station  due  to  these  limitations  accounted  for  a  random  error  of  ±10 
in. -kips;  this  value  was  in  fact  the  upper  limit  of  variability  during 
the  24-hr  monitoring  period  prior  to  testing. 

In  consideration  of  all  of  the  aforementioned  factors  which 


can  conceivably  introduce  errors,  it  would  appear  that  an  accuracy  of 
±10*  in  measured  bending  moment  values  can  be  claimed. 


CHAPTER  7 


SUMMARY  OF  TEST  RESULTS 

The  actual  data  from  the  testing  are  presented  in  tabular  form 
in  Appendix  A.  Presented  in  the  paragraphs  that  follow  is  a  summary 
of  the  results,  as  well  as  a  comparison  of  the  behavior  of  the  group 
with  single-pile  behavior. 

SINGLE-PILE  BEHAVIOR 

It  is  instructive  to  examine  results  from  tests  of  pile  groups 
in  comparison  with  the  behavior  of  a  single  pile  that  is  similar  to 
the  individual  piles  in  the  group.  Lateral-load  tests  with  cyclic 
loading  were  performed  as  a  part  of  another  study  on  two  single  piles 
of  the  same  dimensions  as  the  group  piles  and  under  similar  test  con¬ 
ditions.  One  of  these  piles  was  thoroughly  instrumented  for  the  pur¬ 
pose  of  deriving  p-y  curves  from  the  results.  The  paragraphs  that 
follow  summarize  the  results  of  the  instrumented,  single-pile  test. 

Presented  in  Fig.  7.1  are  the  plots  of  pilehead  defection  and 
rotation  vs.  lateral  load.  This  pile  was  loaded  in  a  manner  similar 
to  the  pile  group,  with  cyclic  loading  at  a  constant  pilehead 
deflection.  The  loading  point  for  the  single  pile  was  also  similar  to 
the  pile  group,  at  about  1  ft  above  the  mudline.  An  envelope  for  the 
results  of  the  first  loading  in  a  series  is  shown.  It  was  felt  that 
because  so  many  load  levels  were  used,  some  of  the  values  from  the 
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first  load  in  a  series  of  loads  may  have  been  affected  by  earlier 
cycling.  This  upper-bound  envelope  Is  thought  to  be  more  nearly  rep¬ 
resentative  of  static-loading  conditions.  Also,  one  point  is  shown  at 
a  load  in  excess  of  25  kips.  The  pile  began  to  deform  plastically 
shortly  after  the  25-kip  measurement  was  made,  resulting  in  the  loss 
of  load  at  increasing  deflection. 

Figure  7.2  illustrates  the  distribution  of  bending  moment  with 
depth  for  several  values  of  load.  The  moments  have  been  normalized  by 
dividing  by  the  pilehead  load  to  allow  comparisons  of  static  and 
cyclic  behavior.  Plots  of  the  measured  values  produce  well-defined 
bending-moment  curves.  Curves  of  soil  resistance  vs.  deflection  were 
derived  from  the  bending-moment  data  and  are  presented  in  Figs.  7.3 
and  7.4.  The  procedures  used  to  derive  values  of  soil  resistance  and 
deflection  along  the  pile  were  similar  to  those  used  in  analyzing  the 
pile-group  data.  A  description  of  the  methods  used  to  analyze  the 
pile-group  data  is  presented  later  in  this  chapter.  The  p-y  curves 
for  cycle  1  appear  to  show  some  of  the  effects  of  using  so  many  load 
levels.  Some  of  the  values  of  soil  resistance  appear  to  drop  off  ano¬ 
malously  with  increasing  deflection;  much  of  the  loss  of  resistance  is 
thought  to  be  attributable  to  earlier  cycling. 

The  question  mentioned  previously  regarding  the  effects  of 
earlier  cycling  on  the  results  from  cycle  1  prompted  the  testing  of  an 
uninstrumented  but  otherwise  identical  pile  using  a  smaller  number  of 
loads.  The  measurements  of  pilehead  behavior  for  this  pile  are  super¬ 
imposed  in  Fig.  7.1  as  "pile  2";  the  results  agree  fairly  well  with 
the  envelopes  plotted  in  Fig.  7.1. 


Presented  in  Fig.  7.5  is  a  plot  of  maximum  soil  resistance 


(pu)  vs.  depth  for  the  single  pile,  along  with  a  plot  of  Np  vs.  depth. 
The  Np  values  were  computed  using  the  values  of  undrained  shear 
strength  discussed  in  Chapter  6.  These  strengths  are  based  primarily 
on  results  of  UU  tests,  as  is  common  practice  in  the  determination  of 
undrained  shear  strength.  The  Np  values  so  computed  are  seen  to  devi¬ 
ate  considerably  from  the  values  suggested  by  API  (1980);  the  values 
differ  as  well  from  other  recommendations  shown  and  referenced  in  Fig. 
7.5.  The  API  equation  (after  Matlock,  1970)  was  adjusted  to  fit  these 
data  by  modifying  the  constants  of  the  form. 

—  I 

a  x 


A  + 


u,avg 


where: 


A  and  B  are  constants,  and 

a  '  =  effective  vertical  overburden  stress, 

v 

S  =  average  undrained  shear  strength  from  the  ground 

u,av9  surface  to  the  depth,  x 

x  =  depth,  and 

b  =  pi le  diameter. 

The  best  fit  as  shown  was  achieved  using  A  =  0.8  and  B  =  0.6. 

An  explanation  for  the  unusually  low  Np  values  at  shallow 
depths  is  not  immediately  apparent;  however,  the  following  factors 
could  be  of  some  importance. 

1.  There  was  wide  scatter  in  the  results  from  the  UU  tests  at 
shal low  depths. 
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2.  Values  of  undrained  shear  strength  of  clay  vary  widely 
with  test  type  and  soil  type.  The  shear  strength  of  a 
soil  is  a  function  of  the  effective  stress  at  failure; 
there  is  no  reason  to  believe  that  the  effective  stress  at 
failure  in  a  UU  test  in  the  laboratory  is  going  to  be  sim¬ 
ilar  to  that  at  failure  in  the  field  under  the  stress 
imposed  by  a  laterally  loaded  pile.  Existing  correlations 
of  pu  and  Su  are  largely  empirical  and  were  derived  in 
different  soils.  Anisotropic  stress  and  anisotropic  shear 
strengths  affect  the  relationship  between  shear  strength 
from  UU  tests  and  that  mobilized  during  the  field  test, 
and  these  factors  undoubtedly  vary  widely  between  differ¬ 
ent  soil  deposits. 

3.  The  soil  at  this  site  had  a  secondary  structure  that  could 
affect  shear  strength  as  well  as  drainage  in  the  field. 
This  structure  could  not  be  expected  to  affect  laboratory 
tests  to  a  similar  degree.  Drainage  could  be  especially 
important,  because  laboratory  testing  is  normally  per¬ 
formed  under  undrained  conditions. 

The  above  factors  serve  to  illustrate  the  difficulty  in  predicting  the 
behavior  of  a  pile  group;  the  state  of  the  art  is  such  that  the  behav¬ 
ior  of  a  single  pile  cannot  be  predicted  with  a  great  deal  of  confi¬ 
dence  in  a  soil  for  which  empirical  correlations  have  not  been 
developed.  Consideration  of  the  single-pile  measurements  and  the  poor 
correlations  of  p^  with  Su  from  UU  tests  infer  that  results  from  UU 
tests  may  not  provide  the  best  type  of  measurement  with  which  to  pre- 


diet  p  .  There  appears  to  be  a  need  for  further  study  of  the  kind  of 
laboratory  or  in-situ  testing  that  should  be  used  to  predict  the 
behavior  of  piles  under  lateral  loading,  a  topic  that  is  well  beyond 
the  scope  of  the  research  study  described  herein. 

The  single  piles  that  were  tested  did  not  have  the  same  stiff¬ 
ness  as  the  piles  in  the  group,  because  the  piles  in  the  group 
included  an  insert  pipe  that  was  grouted  in  place.  A  procedure  for 
construction  of  p-y  curves  was  derived  from  the  results  of  the  test  of 
the  single  pile  that  is  specific  to  the  soil  conditions  at  the  site. 
This  site-specific  p-y  procedure  was  used  with  the  computer  code 
C0M624  to  generate  expected  single-pile  behavior  for  a  pile  of  the 
same  properties  as  the  average  pile  in  the  group  (the  stiffness  of  the 
group  piles  did  vary  slightly).  The  plots  of  single-pile  response 
under  lateral  load  presented  in  this  chapter,  therefore,  are  not  actu¬ 
al  measurements  from  a  load  test,  but  are  predictions  based  upon  a 
load  test  of  a  very  similar  pile  on  the  same  site. 


BEHAVIOR  OF  PILE  GROUP  -  GENERAL 

Presented  in  Figs.  7.6  and  7.7  are  plots  of  load  vs. 
deflection  and  load  vs.  maximum  bending  moment  for  a  pile  in  the  group 
and  for  the  single  pile.  The  curves  are  presented  for  the  first  cycle 
at  each  load  level,  for  measurements  taken  in  each  of  two  directions. 
Because  a  relatively  large  increment  in  load  level  was  used  between 
each  successive  load  level,  and  because  cyclic  loading  was  performed 
at  constant  deflection  rather  than  constant  load,  the  first-cycle  mea* 


First  Cycle  (Static' 


surements  are  thought  to  be  representative  of  behavior  under 
static-load  conditions.  The  plot  of  load  vs.  maximum  bending  moment 
for  the  average  of  the  piles  in  the  group  is  shown  as  a  range  to 
illustrate  the  variation  among  the  individual  piles  in  the  group.  The 
line  within  that  range  marked  "average  pile"  is  the  average  in  the 
sense  that  the  bending  moments  for  the  individual  piles  at  each  gauge 
station  were  averaged.  Because  all  piles  did  not  attain  the  maximum 
moment  at  the  same  depth,  it  does  not  therefore  represent  the  average 
of  the  maximum  moments,  but  rather  the  maximum  of  the  average  moments. 
The  difference  in  response  between  the  group  and  the  single  pile  is  as 
expected,  with  the  pile  group  acting  "softer"  in  terms  of  the  average 
load  per  pile.  For  loads  smaller  than  about  7  kips  per  pile,  there 
appears  to  be  very  little  difference  between  the  response  of  a  pile  in 
the  group  and  that  of  the  single  pile.  For  loads  greater  than  7  kips, 
the  difference  in  measured  bending  moments  is  less  significant  than 
the  difference  in  measured  deflection. 

Figure  7.8  presents  a  plot  of  average  load  per  pile  vs.  the 
depth  to  the  maximum  moment.  The  differences  in  single-pile  and 
group-pile  behavior  are  more  evident  in  this  figure,  because  the  maxi¬ 
mum  moments  occur  significantly  deeper  in  the  case  of  the  piles  in  the 
group.  These  data  suggest  that  the  soil  near  the  surface  is  contrib¬ 
uting  less  to  the  resistance  to  load  in  the  case  of  the  piles  in  the 
group.  This  figure  has  quite  significant  implications  for  offshore 
pile  groups,  because  of  the  fact  that  pile-wall  thickness  is  typically 
tailored  to  bending  moment. 
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Figures  7.9  through  7.11  are  similar  plots  of  average  load  per 
pile  vs.  deflection,  maximum  moment,  and  depth  to  maximum  moment  for 
the  100th  cycle  of  load  for  the  single  and  group  piles.  Here  the  dis¬ 
tinction  between  single-pile  behavior  and  that  of  the  piles  in  the 
group  is  greater  and  occurs  at  smaller  loads.  At  first  inspection, 
these  data  appear  to  contradict  the  arguments  of  several  analytical 
models  discussed  in  Chapter  4  that  assumed  cyclic  degradation  to  be 
more  of  an  individual -pi le  phenomenon,  not  greatly  affected  by  group 
action.  The  differences  between  the  single  pile  and  group  piles  at 
cycle  100  are  certainly  more  significant  than  at  cycle  1.  However, 
during  the  load  test  it  was  obvious  that  the  gapping  from  cycling  was 
confined  to  an  area  around  each  pile  of  the  group.  Inspection  of  tne 
soil  around  the  piles  during  excavation  after  the  test  revealed  that 
these  gaps  around  the  piles  extended  to  a  depth  of  around  8  to  8.5  ft, 
whereas  the  gap  around  the  single  pile  extended  to  only  about  6  feet. 
Apparently,  the  transfer  of  load  to  a  greater  depth  (even  under  static 
conditions)  results  in  an  extension  of  non-recoverabl e  strains  in  the 
soil  to  a  greater  depth  and  a  deepening  of  the  gapping  phenomenon  for 
group  piles  relative  to  similarly  loaded  single  piles. 

Presented  in  Figs.  7.12  through  7.14  are  plots  of  average  load 
per  pile  vs.  deflection,  maximum  bending  moment,  and  depth  to  maximum 
bending  moment  for  the  single  pile  and  the  average  pile  in  the  group. 
These  plots  illustrate  the  change  in  behavior  during  cycling.  Both 
the  single  pile  and  the  pile  group  were  cycled  at  constant  deflection 
rather  than  at  constant  load.  It  appears  that  some  loss  of  load  is 
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occurring  even  between  100  and  200  cycles,  although  at  a  progressively 
lower  rate  than  the  loss  at  lesser  numbers  of  cycles. 


DISTRIBUTION  OF  LOAD  TO  PILES  IN  THE  GROUP 

The  load  cells  at  the  point  of  application  of  load  on  each 
pile  provided  an  indication  of  the  distribution  of  load  to  the  piles 
in  the  group.  The  distribution  of  load  to  the  piles  appeared  to  fol¬ 
low  a  pattern  of  "front  row  to  back,  row"  rather  than  one  of  geometric 
position  as  might  be  expected  from  elasticity  solutions.  Presented  in 
Figs.  7.15  and  7.16  are  plots  of  load  vs.  deflection  during  cycle  1 
(static)  for  each  pile,  with  the  piles  grouped  by  rows.  Because  the 
front  row  in  the  compression  direction  is  also  the  back  row  in  the 
tension  direction,  data  are  presented  separately  for  the  two 
directions  of  loading. 

Piles  within  a  given  row  are  observed  to  behave  fairly  simi¬ 
larly,  with  the  exception  of  pile  A,  the  pile  in  the  northeast  corner. 
This  pile  definitely  has  a  "softer"  response  to  load  than  piles  D  and 
G.  Results  from  calibration  indicated  this  pile  to  be  slightly  less 
stiff  structurally,  probably  due  largely  to  the  fact  that  the  coring 
process  used  to  clean  out  the  previous  instrumentation  was  more  effec¬ 
tive  in  this  pile.  However,  the  differences  in  response  between  pile 
A  and  the  other  front  row  piles  are  larger  than  can  be  explained  by 
differences  in  pile  stiffness  alone.  Pile  H  had  a  structural  stiff¬ 
ness  approximately  equal  to  that  of  pile  A,  and  the  differences  in 
response  between  H  and  the  other  middle-row  piles  is  relatively  small. 
It  appears  likely  that  variations  in  soil  stiffness  and  shear  strength 
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play  some  role.  Piles  A  and  H  were  the  first  piles  to  fail  during  the 
axial-load  test  in  1979.  Discussions  with  witnesses  to  the  pile-dri¬ 
ving  operations  indicated  that  pile  A  was  the  most  difficult  to  keep 
aligned  during  driving,  so  the  possibility  exists  that  soil  disturb¬ 
ance  from  pile  driving  was  greater  around  pile  A. 

In  order  to  distinguish  patterns  of  distribution  of  load  in 
the  group,  the  pile-load  data  were  averaged  between  compression  and 
tension  loads  for  specific  locations  and  are  plotted  in  Figs.  7.17  and 
7.18.  As  one  might  expect,  the  front  row  carried  the  most  load,  fol¬ 
lowed  by  the  middle  row,  followed  by  the  back  row.  A  possibly  unex¬ 
pected  result  is  that  the  center  pile  generally  took  the  most  load  on 
the  front  row  and  the  least  load  on  the  back  row.  While  some  of  this 
behavior  of  the  pile  in  the  center  of  the  front  row  may  be  due  to  the 
anomalous  "soft"  response  of  pile  A,  the  trend  is  present  as  well  in 
the  front  row  when  the  loading  was  In  the  tension  direction.  Another 
item  of  interest  shown  in  the  figure  is  that  the  rate  of  increase  of 
load  with  deflection  in  the  middle  and  back  rows  reduced  significantly 
at  higher  loads  in  comparison  with  the  loads  on  the  front  row. 
Between  1.5  and  2  in.  of  deflection,  the  front  piles  were  picking  up 
the  great  majority  of  the  increase  in  load;  apparently  the  "shadowing" 
effect  was  becoming  much  more  prominent. 

Similar  data  are  presented  for  the  distribution  of  load  by 
location  at  cycle  100.  The  results  are  similar  to  those  exhibited  for 
cycle  1;  however,  except  for  the  pile  in  the  center  of  the  front  row, 
the  figure  indicates  that  cycling  tends  to  distribute  the  load  a  lit- 
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tie  more  evenly  at  higher  loads.  The  "shadowing"  effect  at  high  loads 
also  appears  less  prominent. 

The  distribution  of  bending  moment  with  depth  for  piles  iden¬ 
tified  by  location  is  presented  in  Fig.  7.19  for  a  selected  static 
load  for  cycle  1  in  each  direction.  The  piles  in  the  front  row  have 
the  largest  bending  moments  in  the  upper  6  to  7  ft;  this  result  corre¬ 
lates  with  the  fact  that  the  front-row  piles  had  the  highest  shear  at 
the  top.  However,  the  middle-  and  back-row  piles  achieve  peak  bending 
moments  at  a  greater  depth,  and  the  middle-row  piles  even  had  a  very 
slightly  higher  maximum  bending  moment.  These  plots  are  made  for  the 
largest  loads,  where  the  "shadowing"  effect  as  evidenced  by  Fig.  7.17 
is  greatest.  The  trends  evident  In  Fig.  7.19  suggest  that  the  effects 
of  the  "shadowing"  may  be  more  prevalent  near  the  ground  surface. 

It  is  important  to  note,  when  examining  Fig.  7.19,  that  load 
5,  cycle  1  in  tension  occurred  Immediately  after  load  5,  cycle  1  in 
compression.  After  loading  in  compression,  it  might  be  expected  that 
the  soil  stresses  and  displacements  from  the  middle  and  back  rows 
under  the  compression-direction  load  would  tend  to  cause  slightly 
increased  load  (proportionally)  in  the  middle  and  back  rows  under 
cycle  1  in  tension.  The  data  In  Fig.  7.19  reveal  a  slightly  less  sub¬ 
stantial  variation  in  load  between  rows  for  the  tension  direction 
(although  very  slight).  Also,  the  maximum  bending  moment  is  at  a 
slightly  shallower  depth. 

Shown  in  Fig.  7.20  are  data  similar  to  that  provided  in  Fig. 
7.19,  but  for  a  load  at  cycle  100.  The  trends  for  cyclic-load  dis- 
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tribution  are  again  similar  to  that  for  the  static  case,  but  less  sub¬ 
stantial  variations  between  rows  are  present. 

It  is  of  interest  to  note  that  the  observed  load-direction-de¬ 
pendence  of  the  distribution  of  load  to  the  piles  is  in  contrast  to 
the  load  distribution  pattern  predicted  using  elastic  interaction  fac¬ 
tors.  This  is  a  significant  result  which  is  discussed  in  more  detail 
in  Chapter  8. 

SOIL  RESISTANCE 

As  discussed  in  Chapter  2,  the  approach  to  analyzing  the 
behavior  of  laterally  loaded  piles  typically  involves  modelling  the 
soil  as  a  series  of  nonlinear  springs  that  act  independently. 
Although  the  model  neglects  the  fact  that  the  soil  is  a  continuum,  the 
errors  associated  with  the  approach  are  assumed  to  be  small.  Further¬ 
more,  the  beam  theory  Incorporated  into  the  model  provides  a  conven¬ 
ient  means  of  analyzing  load-test  data  in  which  bending  moments  have 
been  measured. 

Method  of  Analysis  of  Data 

With  the  soil  modelled  as  a  series  of  springs,  the  response  of 
a  pile  to  lateral  load  is  described  by  the  familiar  fourth  order  dif¬ 
ferential  equation  (presented  in  Chapter  2). 

El  ^  +  P  ^  +  E  y  -  w  =  0 
dz4  x  dx2  sy 

Where  bending-moment  data  have  been  obtained,  the  soil  resistance  per 
unit  length  of  pile,  p,  and  the  deflection,  y,  for  each  nonlinear 
spring  can  be  computed  by  the  relationships 
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The  solution  for  the  deflection  y  requires  that  two  boundary  condi¬ 
tions  be  known,  such  as  slope  and  deflection  at  the  top  of  the  pile. 

Integration  and  differentiation  is  facilitated  if  the  bend¬ 
ing-moment  data  are  represented  by  an  analytical  expression.  Although 
numerous  forms  for  the  analytical  function  are  possible,  a  polynomial 
expression  is  simple  and  straightforward  and  has  been  used  with  some 
success.  When  used  with  the  method  of  least  squares,  some  smoothing 
of  the  data  can  be  achieved.  After  experimentation  with  polynomials 
of  various  degree  fitted  through  a  varying  number  of  points  at  a  time, 
a  third-degree  polynomial  fitted  through  nine  points  at  a  time 
appeared  to  yield  the  desired  balance  of  smoothing  and  sensitivity. 

The  polynomial  fitting  was  performed  for  each  pile  using  data 
at  the  point  of  load  application  and  data  from  the  11  gauge  stations. 
A  fit  about  a  generic  gauge  station  consisted  of  a  least-squares  fit 
with  a  third-degree  polynomial,  employing  data  for  the  specified  gauge 
station  and  the  4  stations  above  and  below.  Gauge  stations  1,  2,  and 
3,  as  well  as  8,  9,  10,  and  11  could  not  be  employed  as  a  center  point 
in  this  manner  and  thus  the  p-y  curves  derived  for  these  stations  were 
based  upon  the  polynomial  fitted  about  station  4  or  7.  The  p-y  data 
for  stations  1,  2,  9,  10,  and  11  must  thus  be  considered  less  reliable 
than  the  others. 

As  described  by  Matlock  (1958),  with  the  double  differen¬ 
tiation  of  the  moment  function,  the  soil  reaction,  p,  is  quite  sensi- 
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tive  to  the  accuracy  of  the  bending-moment  measurements .  Matlock, 
provided  an  example  in  which  a  one  percent  error  in  the  bending  moment 
produced  a  seven  percent  error  in  the  soil  reaction.  Due  to  the  meth¬ 
od  of  instrumentation  and  calibration  used  for  these  piles,  the  level 
of  accuracy  in  the  bending  moments  is  likely  not  as  good  as  that 
achieved  in  Matlock's  early  single-pile  tests  (Matlock  and  Ripperger, 
1956).  In  his  studies  Matlock  used  a  third-degree  polynomial  fitted 
through  5  points  to  achieve  a  greater  degree  of  sensitivity  to  vari¬ 
ation  in  soil  properties  than  was  possible  in  this  study;  the  use  of  a 
third-degree  polynomial  fitted  through  9  points  is  not  as  sensitive  to 
soil  properties,  but  is  also  less  sensitive  to  errors  in  bending 
moment  due  to  the  greater  degree  of  smoothing.  Double  differentiation 
of  a  third-degree  polynomial  results  in  the  assumption  of  a  linear 
variation  of  soil  reaction  over  the  range  of  fit. 

Results  from  p-y  Curves  -  General 

Presented  in  Figs.  7.21  through  7.28  are  the  p-y  curves 
derived  from  the  measurements  for  gauge  stations  1  through  8.  Results 
are  presented  for  cycles  1  and  100  for  the  average  of  all  piles  and 
for  the  average  of  the  piles  in  each  row.  Piles  A,  D,  and  G  provided 
front-row  data  for  the  compression-load  cycles,  while  piles  B,  C,  and 
I  provided  front-row  data  for  the  tension-load  cycles.  Data  from  6 
piles  were  thus  averaged  to  produce  each  point  on  the  plots  shown  by 
row.  Data  from  18  pile  measurements  were  used  to  produce  the  points 


on  the  plot  for  the  overall  average.  An  exception  is  noted  for  the 
case  of  load  5,  cycle  100  (the  last  point  on  the  cycle-100  curves); 
after  the  cycle  1  measurements  were  made  in  both  compression  and  ten- 
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sion,  load  5  was  cycled  in  the  tension  direction  only.  As  noted  ear¬ 
lier,  the  curves  for  the  1  and  2  ft  depths  are  considered  less 
reliable  than  those  at  lower  levels. 


f 


Discussion  of  Results  from  Cycle  1  (Static) 

Some  significant  results  for  the  measurements  by  row  are  evi¬ 
dent  in  the  p-y  curves  for  cycle  1.  For  depths  of  less  than  6  ft  the 
middle  row  soil  resistances  were  the  largest  at  early  loads.  At 
depths  of  less  than  5  ft,  the  middle-row  curves  peaked  much  earlier 
than  the  average  and  subsequently  dropped  off  to  a  much  lower  soil 
resistance  at  larger  deflection.  By  contrast,  the  values  of  soil 
resistance  for  the  front  row  were  not  greatly  reduced  with  increasing 
deflection,  but  often  continued  to  increase.  Soil  resistances  for  the 
back  row  peaked  early  and  diminished,  much  like  the  middle-row  curves 
but  at  a  smaller  value  of  soil  resistance. 

The  curves  presented  in  Fig.  7.23  for  the  3-ft  depth  exhibit 
behavior  typical  of  that  described  above.  Of  interest  is  the  rela¬ 
tively  sharp  peak  in  the  p-y  curve  for  the  middle  row  followed  by  a 
reduction  in  p  to  less  than  half  of  the  peak  value  at  a  large 
deflection.  The  back-row  curve  was  similar  in  shape  but  with  a  less 
drastic  peak  and  reduction,  while  the  front-row  curve  did  not  drop  off 
at  all.  The  average  curve  indicates  decreasing  soil  resistance  at 
large  deflections,  as  was  the  case  for  two-thirds  of  the  piles  used  to 
compute  the  average. 

The  drop  in  soil  resistance  at  large  deflection  for  middle- 
and  back-row  piles  is  likely  the  result  of  modification  of  the  shear 
zone  of  the  individual  piles  by  those  piles  in  the  foreground.  This 
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"shadowing"  effect  is  not  very  important  at  small  deflections  because 
the  shear  strength  in  the  entire  shear  zone  is  not  fully  mobilized. 
It  is  also  reasonable  that  a  post-peak  drop  in  soil  resistance 
occurred  only  for  shallow  p-y  curves  in  general;  as  soil  resistance  at 
greater  depths  reaches  a  limiting  value  and  begins  to  mobilize  a  zone 
of  shear,  some  reduction  in  soil  resistance  above  that  depth  seems 
leasonable.  Furthermore,  the  cavities  produced  by  leading  piles 
become  larger  near  the  surface. 

Perhaps  less  easily  explained  is  the  observaton  that  the  mid¬ 
dle  row  had  a  higher  peak  soil  resistance  at  small  deflections  than 
did  the  front  row.  It  might  be  logical  to  attribute  this  phenonmenon 
to  installation  effects,  in  that  consolidation  due  to  dissipation  of 
excess  pore  pressures  after  pile  driving  may  have  resulted  in  higher 
horizontal  in-situ  stresses  and  increased  undrained  shear  strength  for 
the  soil  within  the  group.  However,  this  high  peak  in  soil  resistance 
at  small  deflection  diminishes  relative  to  the  front-row  soil  resist¬ 
ance  with  increasing  depth  to  a  degree  that  does  not  seem  explainable 
cy  installation  effects  alone. 

Another  explanation  for  the  unexpected  distribution  of  soil 
resistance  involves  the  effects  of  cyclic  loading.  An  observation 
noted  earlier  was  that  loads  2  and  3  did  not  have  a  great  separation 
in  load,  and  that  the  cycling  during  load  2  could  conceivably  have 
affected  the  cycle  1  results  for  load  3.  With  loading  in  2 
directions,  the  soil  in  front  of  a  middle-row  pile  for  "load  3,  cycle 
1,  compression"  had  just  previously  been  stressed  in  the  opposite 
direction  by  the  back  row  piles  of  "load  2,  cycle  200,  tension."  The 
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stress  reversal  during  "load  2,  cycle  200,  tension"  and  might  thus 
require  more  deflection  to  mobilize  fully  the  soil  resistance.  Tne 
consequence  of  insufficient  load  separation  between  loads  1  and  3 
might  therefore  have  been  more  significant  for  the  front-row  piles. 
Of  course,  if  this  argument  were  entirely  satisfactory  one  would 
expect  the  back-row  p-y  curves  to  also  have  a  significant  peak  at  load 
3;  such  was  clearly  not  the  case.  This  argument  might  also  seem  to 
imply  that  the  middle  row  would  mobilize  more  soil  resistance  in  the 
eye  1 e- 1-ten s ion  measurement  than  in  the  cycle-l-compression  measure¬ 
ment  because  of  the  fact  that  cycle-1  compression  was  performed  first 
and  the  soil  ahead  of  the  pile  in  the  tension  direction  might  thus  be 
"preloaded"  for  mobilization  of  soil  resistance  at  a  smaller  strain. 
Although  the  plotted  points  are  not  direction-dependent  (they  are 
averages  of  both  directions),  it  was  quite  obvious  during  data 
reduction  that  there  was  no  significant  difference  in  the  cycle-1  soil 
response  in  the  tension  and  compression  directions. 

Plots  of  soil  resistance  vs.  depth  for  the  cycle-1  measure¬ 
ments  are  summarized  in  Fig.  7.29.  Plots  are  presented  for  the  maxi¬ 
mum  (peak)  soil  resistance  as  well  as  for  the  soil  resistance  at  large 
deflection.  These  plots  illustrate  the  trends  discussed  previously, 
and  show  particularly  the  "shadowing"  effect  of  the  front-row  and  the 
middle-row  piles  at  large  deflections.  The  greater  rate  of  increase 
of  the  large-strain  soil  resistance  for  the  middle-row  piles  relative 
to  the  front  row  is  of  interest.  Due  to  the  smaller  deflections  at 
greater  depths,  the  middle-row  piles  are  again  mobilizing  a  propor- 


tionally  greater  soil  resistance  than  are  other  piles.  This  result  is 
similar  to  that  noted  for  measurements  at  lesser  loads  at  shallower 
depths . 

To  provide  a  comparison  of  these  results  with  those  of  the 
single  pile,  plots  of  ultimate  (and  maximum)  soil  resistance  vs.  depth 
are  presented  in  Fig.  7.30  for  the  average  pile  in  the  group  as  well 
as  for  the  single  pile. 

The  difference  between  the  group-  and  single-pile  behavior 
evidenced  by  this  plot  is  striking.  The  figure  shows  clearly  that 
there  exists  some  reduction  in  maximum  soil  resistance  due  to  group 
effects,  and  that  the  effect  becomes  more  significant  with  depth. 
Also  presented  in  the  figure  are  plots  of  single-pile  values  using  the 
1980  API  Design  Rules,  which  are  basically  taken  from  Matlock  (1970) 
as  follows. 

pu  =  3  *  o^/Su  ♦  J(z/b) 

where: 

o 1  =  effective  overburden  stress  at  depth  z, 

Su  =  undrained  soil  shear  strength  at  depth  z, 

J  =  empirical  constant  with  an  approximate  value  of  0.5  for 
soft  offshore  clays  of  the  Gulf  of  Mexico  and  a  value 
of  0.25  for  somewhat  stiffer  clays  (used  for  this  test 
site),  and 

b  =  pi le  diameter. 

The  API  Design  Rules  do  not  agree  espcially  well  with  the  measured 
single-pile  response  but  are  given  as  a  basis  for  comparison  with  the 


other  two  curves. 


Curves  showing  p  vs.  y  for  cycle-100  measurements  are  shown 
together  with  the  cycle-1  measurements  in  Figs.  7.21  through  7.28. 
Although  there  exists  some  scatter  in  the  curves  for  the  top  2  ft  (a 
comment  was  given  earlier  about  load  3),  the  general  trend  is  that  of 
a  leveling  off  of  the  cyclic  p-y  curves  from  some  point  on  the  static 
curves.  Up  to  a  point  of  about  50?o  of  the  maximum  soil  resistance  for 
cycle  1,  there  appears  to  be  little  effect  of  cycling.  Figure  7.31 
presents  a  plot  as  a  function  of  depth  of  the  measured  ratios  of  the 
"residual"  soil  resistance  (the  flat  part  of  the  cycle-100  curve)  to 
the  ultimate  (large  strain)  cycle-1  value.  Also  shown  are  points  from 
the  single-pile  data.  There  appears  to  be  little  difference  in  this 
ratio  between  the  group  piles  and  the  single  pile,  a  fact  that  might 
at  first  glance  imply  that  the  effects  of  cycling  are  not  greatly 
affected  by  group  action.  There  is  a  fairly  major  difference  in  the 
top  2  ft,  which  probably  is  due  to  gapping  producing  shear  zone  inter¬ 
ference.  However,  the  values  of  ultimate  soil  resistance  for  the 
group  piles  are  greatly  reduced  as  compared  to  those  for  the  single 
pile;  Fig.  7.31  merely  implies  that  cycling  affects  the  group  piles  in 
a  similar  manner  as  does  the  static  loading. 

Figure  7.32  presents  plots  as  function  of  depth  of  peak,  and 
residual  (large  strain)  soil  resistance  for  cycle  100  by  rows  and  as 
an  average  for  the  entire  group.  Comparisons  between  values  for  each 
row  indicate  trends  similar  to  those  observed  for  cycle  1.  Peak  val¬ 
ues  tend  to  be  high  for  middle-row  piles,  while  residual  (large 
strain)  values  are  largest  in  the  front  row. 


SUMMARY 


Load-test  data  are  presented  in  this  chapter  in  a  manner 
intended  to  highliqht  some  of  the  significant  aspects  of  the 
pile-group  behavior  as  well  as  to  contrast  this  behavior  with  that  of 
a  single  pile  of  similar  size  and  under  similar  loading  conditions. 

It  appears  that  the  differences  in  behavior  between  the  piles 
in  the  group  were  significant.  The  deflection  under  load  of  the  piles 
in  the  group  is  signi ficantly  greater  than  that  of  a  single  pile  under 
a  load  equal  to  the  average  load  per  pile.  The  bending  moments  in  the 
piles  in  the  group  are  greater  than  that  for  the  single  pile  and  the 
maximum  moments  are  shifted  deeper.  The  maximum  soil  resistance  for 
the  piles  in  the  group  is  greatly  reduced  as  compared  to  the  single 
pile,  and  this  reduction  is  more  significant  with  depth.  The  greatest 
portion  of  the  load  on  the  group  is  distributed  to  the  piles  in  the 
front  row,  diminishing  to  the  back  row.  Variation  of  load  in  the 
piles  in  the  group  was  generally  20%  or  less  about  the  average,  and 
the  variation  of  maximum  bending  moments  was  somewhat  less.  The 
behavior  of  the  piles  in  the  group  will  be  examined  in  the  following 
chapter  in  more  detail,  as  the  measured  results  are  contrasted  with 
tne  predictions  from  the  use  of  several  models  that  are  typical  of 
those  in  current  practice  in  design. 


CHAPTER  8 


COMPARISON  OF  RESULTS  FROM  EXPERIMENT  WITH  RESULTS  FROM 
SEVERAL  METHODS  OF  ANALYSIS 

INTRODUCTION 

Presented  in  this  chapter  are  the  results  of  analyses  of  the 
pile-group  response  using  the  analytical  models  described  in  Chapter 
4.  These  analytical  models  are  thought  to  represent  the  current 
state-of-the-art  in  the  practice  of  geotechnical  engineering.  The 
predictions  have  been  made  using  the  properties  of  the  soil  as 
described  in  Chapter  6  as  well  as  the  results  of  the  test  of  the  sin¬ 
gle  pile  that  was  instrumented.  These  data  on  soil  properties  and 
pile  testing  exceed  in  quantity  and  quality  that  which  is  normally 
available  on  a  typical  design  project.  One  might  therefore  conclude 
that  the  predictions  of  these  models  represent  the  minimum  error  to  be 
expected  on  a  real  project.  All  of  the  analytical  models  in  use  today 
have  some  degree  of  empiricism,  at  least  as  related  to  predicting  the 
response  of  an  isolated,  generic  pile  to  lateral  load.  By  making  use 
of  the  results  from  the  load  test  of  the  single  pile  to  "back  fit" 
pertinent  inputs  to  the  analyses,  the  errors  in  prediction  should  be 
iargely  due  to  errors  in  modelling  group  action  rather  than  due  to 
errors  in  modelling  the  behavior  of  single  laterally-loaded  piles  in 
general . 

The  order  in  which  these  results  are  presented  departs  some- 
wnat  from  the  order  of  presentation  in  Chapter  4.  Because  the  hybrid 
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models  of  Focht  and  Koch  and  of  PILGP2R  are  based  upon  the  earlier 
elasticity  approach  of  Poulos  (which  ultimately  evolved  to  DEFPIG), 
the  use  of  these  models  is  presented  following  the  use  of  DEFPIG. 
Following  the  hybrid-model  results  are  the  predictions  from  the  sin¬ 
gle-pile  representation  and  the  Bogard-Matl ock  procedure. 
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DEF°IG 

DEFPIG  is  a  computer  program  to  obtain  a  solution  using  the 
approach  detailed  in  Poulos1  well  known  1971  papers  (May,  1971);  how¬ 
ever,  the  computer  program  has  a  few  features  not  described  in  those 
articles.  DEFPIG  has  been  used  to  analyze  conveniently  the  pile  group 
as  might  be  done  using  the  charts  in  the  1971  papers.  The  added  fea¬ 
tures,  allowing  local  yield  in  the  soil  and  a  variable  elastic  modulus 
with  depth,  have  permitted  a  more  sophisticated  analysis  when  us’ng 
the  elasticity-based  model.  Although  these  added  features  violate 
some  of  the  original  assumptions  of  the  method,  with  proper  cali¬ 
bration  to  experimental  results  and  with  the  use  of  appropriate  engi¬ 
neering  judgement,  this  model  may  be  an  efficient  analytical  tool  for 
designers.  The  usefulness  of  the  code  DEFPIG  is  limited  in  comparison 
with  some  other  models  in  that  the  code  used  in  this  study  has  no  pro¬ 
visions  for  computing  the  response  to  cyclic  load  or  for  predicting 
the  distribution  of  bending  moments  with  depth.  It  does  predict  the 
load  vs.  deflection  at  the  pilehead  as  well  as  the  distribution  of 
load  to  the  individual  piles.  DEFPIG  also  provides  a  convenient  f-rst 
step  to  establishing  the  elasticity-based  parameters  used  in  the 
Focht-Kocn  hybrid  model . 
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As  a  first  step  in  the  analysis,  equivalent  values  of  modulus 
for  a  homogeneous  elastic  soil  were  backfigured  based  on  the  results 
of  the  single-pile  test.  It  has  long  been  recognized  that  the 
deflection  of  laterally  loaded  piles  at  working  loads  include  a  con¬ 
siderable  amount  of  inelastic  deflection  (Poulos,  1975  and  Focht-Koch, 
1973).  When  compared  with  experimental  results  from  a  full-sized  load 
test,  the  results  from  computations  assuming  elastic  response  may  pro¬ 
vide  insight  into  the  errors  associated  with  the  assumption  of  elastic 
response.  The  results  of  the  computations  also  may  indicate  the  mag¬ 
nitude  of  load  to  which  the  assumption  of  elastic  response  can  be 
reliably  used . 

Presented  in  Fig.  8.1  is  a  plot  of  load  vs.  deflection  that 
results  from  the  use  of  computer  program  DEFPIG  with  a  soil  modulus 
that  is  elastic  and  constant  with  depth  and  with  no  local  yield.  The 
results  from  the  test  of  the  single  pile  are  shown,  along  with  the 
straight-line  predictions  for  a  single  pile  in  elastic  soil.  For  each 
different  value  of  soil  modulus,  the  load  was  found  at  which  the  elas¬ 
tic  ana’ysis  correctly  predicted  the  deflection  of  the  single  pile. 
This  load  was  then  used  as  the  average  load  per  pile  in  an  elastic 
analysis  for  the  group.  Each  value  of  soil  modulus  thus  produced  one 
point  on  the  load-deflection  plot  for  the  group,  at  a  load  for  which 
tre  soil  modulus  correctly  predicted  the  deflection  of  the  single 
pile.  The  computed  points  are  shown  in  Fig.  8.1.  It  appears  that  the 
procedure  overpredicts  the  group  deflections  by  a  factor  of  about  2 


throughout  the  range  of  loading  that  is  analyzed.  Regardless  of  the 
value  of  the  soil  modulus  that  is  used,  for  this  particular  configura¬ 
tion  of  the  group  of  piles,  the  deflection  of  the  group  is  always  2. 5 
times  the  deflection  of  the  single  pile  at  the  same  load  per  pile. 
The  plots  of  experimental  results  appear  to  indicate  that  very  little, 

•  f  any,  pile-soil-pile  interaction  occurred  at  small  loads  because  the 
deflections  of  the  single  pile  and  of  a  pile  in  the  group  are  almost 
the  same. 

It  may  be  noted  that  the  analysis  described  above  could  have 
been  performed  using  equivalent  deflections  for  the  single  pile  and 
group  rather  than  load.  A  predicted  curve  for  the  response  of  the 
group  would  be  obtained  by  projecting  the  points  fitted  to  the  sin¬ 
gle-pile  data  on  Fig.  8.1  vertically  (at  a  constant  deflection)  to 
obtain  the  average  load  in  the  group  piles  at  that  deflection  and 
modulus.  A  more  conservative  (and  more  erroneous)  prediction  of  group 
response  would  result. 

Predictions  Using  a  Soil  Modulus  that  Varies  with  Depth  and  Using 

Local  Yield 

With  an  analysis  which  includes  local  yield,  the  soil  modulus 
for  the  elastic  range  should  correspond  to  small  strains.  The  use  of 
a  value  of  soil  modulus  of  (E$)  400  to  800  times  the  undrained  shear 
strength  is  thought  to  be  representative  of  the  elastic  range.  There 
exists  virtually  no  experimental  guidance  for  designers  in  selecting 
limiting  values  of  soil  pressure  that  correspond  to  local  yield,  other 
than  those  derived  from  load  tests  of  single  piles  that  are  analyzed 


using  subgrade-reacti on  theory.  Local  yield  is  undoubtedly  the  most 


influential  factor  in  the  analysis  using  DEFPIG.  For  the  computations 
in  this  section,  the  soil  pressures  where  local  yield  will  occur  have 
been  taken  from  the  results  of  the  load  test  of  the  single  pile  as 
equal  to  the  maximum  soil  pressures  from  the  load-transfer  curves. 

Presented  in  Fig.  8.2  are  load-deflection  results  from  DEFPIG 
compared  with  both  the  single-pile  and  the  group-pile-test  results. 
Good  agreement  between  experiment  and  analysis  for  the  single  pile  is 
evident  and  expected  because  the  results  of  this  test  were  used  to 
establish  the  soil  pressures  for  local  yield.  For  the  pi'e  group, 
DEFPIG  significantly  overpredicts  deflection  throughout  the 
working-load  range  for  both  the  800$^  and  the  400Su  assumptions  for 
E  .  Results  are  also  shown  for  an  elastic  soil  modulus  of  30,000 
lb/sq  in., which  is  a  small-strain  modulus  based  on  shear-wave  measure¬ 
ments  using  the  crosshole  technique.  Even  with  this  small-strain 
modulus,  DEFPIG  significantly  overpredicts  deflection.  As  a  compar¬ 
ison,  a  plot  is  presented  where  a  value  of  E^  of  800$u  is  employed  and 
with  the  assumption  that  there  is  no  pi le-soi 1 -pi le  interaction.  The 
plot  apcears  to  indicate  that  the  pile-soil-pile  interaction  is  over¬ 
estimated  when  using  DEFPIG  with  the  modifications  that  are  indicated. 

There  is  an  indication  that  the  values  of  local  yield  for  a 
pile  group  might  need  to  be  reduced  from  those  of  a  single  pile  due  to 
group  effects.  A  reduction  of  78%  in  local  yield  for  the  group  was 
used  to  produce  another  plot  in  Fig.  8.2.  The  78%  value  was  simply 
estimated  based  on  the  ratio  of  the  frontal  exposure  of  the  group 
divided  by  the  sum  of  the  pile  diameters  (7  diameters/9  diameters). 
Obviously,  if  the  deflections  were  overpredicted  without  using  a 
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reduction  in  local  yield  for  the  group,  this  additional  factor  dees 
not  improve  the  prediction. 

Interaction  Fa ctors 

Because  the  two-pi  1 e- i nteracti on  factors  are  used  subsequently 
in  the  Focht-Koch  procedure,  the  results  of  the  DEFPIG  analyses  were 
used  to  examine  the  influence  of  the  assumptions  regarding  E^  on  the 
interaction  factors.  Unless  specified  as  input,  DEFPIG  computes 
interaction  factors.  Computed  interaction  factors  for  the  analyses 

discussed  previously  are  presented  in  Fig.  8.3.  The  plots  for 
equal  to  400S ^  or  SOOS^  produce  virtually  the  same  line  and  are  indis¬ 
tinguishable.  The  use  of  a  constant  produces  slightly  higher 
interaction  factors  and  could  thus  be  considered  to  be  conservative 
These  factors  are  computed  for  two  piles  embedded  in  elastic  soil,  and 
the  effects  of  local  yield  on  the  distribution  of  soil  reaction  and 
pile-soil-pile  interaction  are  not  considered. 

Distribution  of  Load  in  the  Group 

DEFPIG  computes  the  distribution  of  load  to  the  piles  in  the 
group  using  the  two-pi  1 e~ interaction  factors.  Results  of  computations 
using  E^  equal  to  SOOS^  are  presented  in  Fig.  8.4.  In  the  DEFPIG  pro¬ 
cedure,  deflections  of  a  single  pile  are  computed  considering  local 
yield  and  the  group  deflection  is  computed  to  be  some  factor  times  the 
single-pile  deflection.  The  effect  of  the  variation  of  load  in  the 
piles  in  the  group  and  any  possible  variation  of  local  yield  within 
the  group  is  not  considered.  The  prediction  of  the  distribution  of 
load  using  DEFPIG  is  the  same  regardless  of  the  assumptions  concerning 
local  yield.  For  an  actual  case,  one  would  expect  that  the  piles  tnat 
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are  more  heavily  loaded  within  the  group  would  shed  load  to  piles  that 
are  less  heavily  loaded.  A  more  rigorous  analysis  of  the  distribution 
of  ’cad  to  individual  piles  would  thus  be  expected  to  result  in  a  more 
even  distribution  of  load.  As  evi 'ent  from  Fig.  8.4,  DEFPIG  predicts 
a  greater  variation  in  load  among  the  group  piles  than  was  observed, 
toads  to  corner  piles  are  overpredicted,  especially  to  those  in  the 
back  row,  and  loads  to  other  piles  are  underpredicted .  The  loads  in 
the  piles  in  this  elastic  model  are  symmetric,  with  the  same  load  in 
the  back  row  piles  as  in  the  front  row.  The  observed  loads  on  the 
p i 1 e s  were  significantly  biased  toward  the  front  row. 

S  ,~ma ry 

DEFPIG  is  an  elasticity-based  model  with  added  provisions  to 
account  for  local  yield  of  the  soil  and  a  soil  modulus  that  varies 
w'tn  deoth.  DEFPIG  appears  to  overestimate  pile-soil-pile  interaction 
*  the  experiment  that  was  performed  and  thus  overpredicts 
collections  of  the  group.  Local  yield  of  the  soil  is  very  influential 
in  computing  pile  response  and  there  is  at  present  little  guidance  to 
allow  designers  a  rational  selection  of  local-yield  parameters.  Dis- 
tr-h^tion  of  load  to  the  piles  is  computed  on  a  purely  elastic  basis 
arp  appears  to  overpredict  variations  within  the  group.  In  partic¬ 
ular,  DEFPIG  predicts  a  symmetric  pattern  of  distribution  of  load  from 
front  to  back  that  did  not  agree  with  observations.  The  usefulness  of 
DEFPIG  for  design  is  limited  by  the  inability  at  present  to  consider 
cyclic  loads  directly  or  to  output  distribution  of  stresses  with  depth 
i n  the  piles. 
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FOCHT-KOCH  METHOD 


After  the  basic  procedure  for  computing  the  pi  1 e-soi 1 -p; 1 e 
interaction  in  an  elastic  soil  was  established  by  Poulos,  Focht  and 
Koch  combined  the  Poulos  procedure  with  existing  load-transfer  models 
to  allow  consideration  of  nonlinearity  in  soil  response  as  well  as 
predictions  of  pile  stresses  with  depth.  The  Focht-Koch  method  as 
proposed  in  their  1973  paper  and  as  outlined  in  Chapter  4  of  this 
report  has  been  used  to  predict  the  response  of  the  pile  group  used  in 
this  study  for  both  static  and  cyclic  loading.  In  using  the  proce¬ 
dure,  the  results  of  the  test  of  the  single  pile  were  utilized  to 
establish  important  parameters  for  both  the  elastic  interaction  ard 
the  local  load-transfer  portions  of  the  analysis.  Focht  and  Koch  sug¬ 
gest  that  a  value  of  Young's  modulus,  E,  "probably  can  be  equal  to  the 
i ni ti al -tangent  modulus  indicated  by  most  laboratory  tests"  in  order 
to  represent  a  low  level  of  stress  in  the  soil.  Based  on  the  results 
presented  in  Fig.  8.1,  a  uniform  value  of  2000  lb/sq  in.  for  E^ 
aopears  to  match  the  data  from  the  test  of  the  single  pile  at  small 
loads.  This  value,  as  well  as  a  modulus  equal  to  800 S u ,  has  been  used 
for  the  elastic  interaction  portion  of  the  analysis.  The  two-pile-in¬ 
teraction  factors  as  computed  using  DEFPIG  are  somewhat  smaller  tor 
the  case  of  increasing  modulus  with  depth.  For  the  p-y  portion  of  the 
analysis,  results  of  the  single-pile  test  have  been  used  to  produce 
p-y  curves  for  the  Focht-Koch  analysis.  As  mentioned  in  the  introduc¬ 
tion  to  this  chapter,  the  use  uf  single-pile-test  results  implies  that 
differences  in  the  predicted  response  of  the  group  as  compared  to  the 
measured  response  should  be  attributable  largely  to  errors  or  miscor- 
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ceptions  in  the  analytical  procedure  rather  than  in  determi nation  of 
material  properties. 


Static  Case 


Load-Deflection  Predictions.  Presented  in  Fig.  8.5  are  tne 
results  of  analyses  using  both  of  the  values  of  E$  as  noted  above. 
The  deformation  predictions  for  the  group  appear  to  be  constant  multi- 
o’es  of  the  deformation  for  the  single-pile;  such  behavior  might  be 
expected,  because  of  the  fact  that  the  pi  le-soi  1 -pi  1  e  interaction  -is 
contributing  only  some  added  deflection  in  the  analytical  algorithm 
'-ather  than  altering  the  fundamental  response  of  the  group.  Also,  the 
predictions  that  are  shown  represent  the  solution  of  the  simultaneous 
equations  involving  deflection  and  loads  in  the  piles;  the  use  of 
y-multipl iers  and  p-mul t i pi i ers  has  not  entered  into  the  analysis  at 
this  point. 

The  group  effects  are  overpredicted  by  the  analysis  at  loads 
less  than  about  7  or  8  kips  per  pile.  At  loads  less  than  about  4  kips 
Der  pile,  interaction  might  be  expected  to  be  predicted  by  elastic 
methods  using  "small-strain"  values  of  modulus;  however,  little  or  no 
group  effects  were  observed.  Of  course,  precise  comparisons  of  small 
deflections  in  the  single  pile  are  especially  subject  to  experimental 


errors.  At  large  lateral  loads,  group  effects  were  much  more  signif¬ 
icant  than  predicted  by  elastic  interaction.  Obviously,  the  grcup 
effects  were  highly  nonlinear. 

Load-Moment  Predictions.  Presented  in  Fig.  8.6  are  the  pred¬ 
ictions  of  load  vs.  maximum  moment  for  the  case  of  E$  =  2000  lb/sq 
inch.  In  computing  values  for  the  curves,  various  y-mul ti pi i ers  were 
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used  to  "stretch"  the  single-pile  p-y  curves  such  that  the  pilehead 
deflection  of  a  single  pile  would  be  equal  to  that  from  the  analysis 
of  the  group  as  presented  in  Fig.  8.5.  The  resulting  p-y  curves  were 
used  with  the  well  known  C0M624  computer  program  (Reese,  1977)  to  pro¬ 
duce  the  analytical  results.  The  single-pile  load  used  in  the  proce¬ 
dure  is  taken  as  the  maximum  load  that  was  computed  for  any  pile  in 
the  group.  Predictions  of  distribution  of  load  to  the  piles  within 
the  group  result  from  the  solution  of  the  simultaneous  equations  men¬ 
tioned  previously.  In  keeping  with  Focht  and  Koch's  suggestion  that  a 
p-multiplier  might  be  used  to  reduce  the  values  of  ultimate  soil 
resistance  for  group  effects,  analyses  were  performed  using  a  p-multi¬ 
plier  of  0.78  as  well  as  1.00.  The  0.78  value  was  the  result  of 
dividing  the  area  of  the  frontal  exposure  (7  pile  diameters)  by  the 
sum  of  the  pile  diameters  (9  pile  diameters). 

As  was  the  case  for  the  prediction  of  load  vs.  deflection,  the 
Focht-Koch  method  overpredicted  the  group  effect  on  moments  for  small 
loads,  and  underpredicted  moments  for  large  loads.  As  is  evident  in 
Fig.  8.6,  the  use  of  a  p-multiplier  less  than  1.0  did  not  make  much 
difference;  the  resulting  y-multiplier  required  to  match  the  pilehead 
deflection  computed  earlier  simply  came  out  smaller. 

The  distribution  of  bending  moment  with  depth  is  presented  for 
several  loads  in  Fig.  8.7.  Again,  it  is  apparent  that  moments  are 
overpredicted  for  small  loads  and  underpredicted  for  large  loads. 
Also  notable  is  the  fact  that  the  depth  to  the  point  of  maximum  moment 
is  predicted  in  a  similar  manner.  The  Focht-Koch  prediction  indicates 
that  the  depth  to  maximum  moment  does  not  vary  sign! f icantly  as  loads 
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increase,  while  observations  showed  that  the  depth  to  maximum  moment 
was  substantially  deeper  at  larger  loads.  Again,  in  the  computation 
of  bending  moment  the  analytical  results  were  little  affected  by  the 
use  of  a  p-multipl ier. 

Predictions  of  p-y  Curves.  Presented  in  Fig.  8.8  are  the  p-y 
or  load-transfer  curves  for  several  depths  that  were  predicted  by  the 
Fucht-Koch  procedure  along  with  those  that  were  derived  from  measure¬ 
ments.  The  curves  based  on  the  Focht-Koch  method  must  be  constructed 
point  by  point  because  the  y-multiplier  used  to  match  the  group  load- 
deflection  predictions  varies  with  load.  The  curves  that  are  shown 
are  therefore  not  used  in  a  general  sense,  but  represent  a  composite 
of  the  different  curves  used  in  the  different  analyses.  The  arrows 
indicate  the  point  on  each  curve  that  corresponds  to  the  last  load 
that  was  considered;  extensions  of  the  Focht-Koch  curves  beyond  that 
point  indicate  the  curves  for  the  final  load.  The  single-pile  curve 
for  loads  larger  than  17.3  Kips  is  the  result  of  measurements  at 
greater  loads  and  is  not  simply  an  extrapolation. 

The  most  obvious  and  significant  feature  revealed  by  Fig.  8.8 
is  that  the  p-y  curves  derived  from  measurements  on  the  group  indicate 


substantially  reduced  values  of  ultimate  soil  resistance,  and  that  the 
reduction  is  not  reflected  in  the  predicted  curves.  This  fact 
undoubtedly  accounts  for  the  error  in  the  prediction  of  the  depth  to 


maximum  moment,  because  the  reduction  in  ultimate  soil  resistance  is 
more  significant  with  depth.  The  group  effect  that  is  predicted  for 
very  shallow  curves  accounts  for  the  overprediction  of  group  effects 
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for  small  loads.  Measurements  indicate  little  effect  of  adjacent 
piles  on  the  p-y  curve  at  the  1-ft  depth. 

Distribution  of  Load  in  the  Group.  The  simultaneous  equations 
to  be  solved  in  the  Focht-Koch  method  include  a  weighting  factor,  R, 
that  is  applied  to  the  pile  for  which  a  particular  equation  is  written 
(see  Chapter  4  for  a  detailed  presentation  of  the  equations).  The 
result  of  the  use  of  the  R  factor  is  to  distribute  load  more  evenly  to 
the  piles  in  the  group  as  compared  to  the  elastic  solution.  Figure 
8.9  illustrates  this  fact.  The  pattern  of  distribution  of  load  is  the 
same  as  that  for  the  elastic  solution  (i.e.,  the  corner  piles  carry 
the  most  load,  the  center  pile  the  least),  but  the  magnitude  of  the 
differences  is  much  less  for  the  Focht-Koch  method  than  for  the  elas¬ 
tic  method. 

Cycl ic  Case 

The  most  important  effect  of  cyclic  loading  on  soil  response 
is  thought  to  be  the  gapping  and  scour  that  was  observed  immediately 
adjacent  to  individual  piles.  Scour  apparently  accelerated  gap  forma¬ 
tion,  with  the  build  up  of  pore  pressure  and  the  "softening"  of  the 
soil  of  secondary  importance.  The  loss  of  soil  resistance  due  to 
cyclic  loading  has  traditionally  been  accounted  for  by  the  use  of 
strain  softening  p-y  curves,  in  which  the  curve  drops  to  some  lesser 
residual  value  at  deflections  greater  than  that  associated  with  a  peak, 
soil  resistance.  Because  degradation  in  soil  resistance  due  to  cycl¬ 
ing  was  th -ught  to  be  primarily  a  phenomenon  associated  with  an  indi¬ 
vidual  pile,  Focht  and  Koch  proposed  that  a  reasonable  solution  for 
pile  groups  with  cyclic  loading  could  be  obtained  using  p-y  curves 
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computed  for  cyclic  conditions  and  using  y-mul ti pi i ers  to  account  for 
group  effects  as  was  done  for  the  static  case.  The  results  of  such  an 
analysis  for  the  conditions  of  the  Houston  test  are  discussed  below. 


Load-Deflection  Predictions.  The  results  of  analyses  using  E 


=  2000  lb/sq  in.  are  presented  in  Fig.  8.10.  The  trend  is  similar  to 
th^t  of  the  static  loads  and  significant  underprediction  at  large 
loads.  The  error  in  the  analysis  is  seen  to  be  larger  for  the  cyclic 
case  than  for  the  static  case.  As  discussed  in  Chapter  7,  the  effects 
of  cyclic  loading  on  the  piles  in  the  group  were  more  significant  than 
were  the  cyclic  effects  on  the  individual  pile.  The  Focht-Koch  method 
underpredicted  deflections  at  large  loads  for  the  static  case  and, 
considering  the  fact  that  the  method  considers  cyclic  effects  to  be  an 
exclusively  local  phenomenon,  even  larger  errors  in  underprediction 
might  have  been  anticipated  for  the  cyclic  case;  such  was  indeed  the 
case . 

Load-Moment  Predictions.  Predictions  of  load  vs.  maximum 


moment  for  cyclic  loading  are  presented  in  Fig.  8.11  and  are  again 
seen  to  follow  a  similar  pattern  to  that  of  the  static  case.  The 
range  in  which  the  moments  predicted  by  the  Focht-Koch  method  are  con¬ 
servative  is  reduced  to  average  loads  per  pile  of  5  Kips  or  less, 
which  is  half  of  that  for  the  static  case.  The  use  of  a  p-multiplier 
is  again  seen  to  have  little  effect.  Plots  of  bending  moment  vs. 
depth  in  Fig.  8.12  indicate  that  the  Focht-Koch  procedure  does  not 
correctly  model  the  increasing  depth  to  maximum  moment  which  occurs 
with  increasing  loads.  An  examination  of  p-y  curves  constructed  using 
the  Focht-Koch  method  will  help  to  explain  this  deficiency. 
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Predictions  of  p-y  Curves.  Presented  in  Fig.  8.13  are  the 
predictions  of  p-y  curves  from  the  Focht-Koch  method  (using  multipli¬ 
ers  on  the  single  pile  curves  from  the  on-site  test)  along  with  those 
derived  from  measurements  for  the  100th  cycle  at  a  given  level  of 
load.  As  with  the  static  case,  the  Focht-Koch  curves  were  constructed 
using  y-mul tipi iers  applied  to  the  single-pile  curves.  Different 
y-mul tipi  iers  were  used  at  each  load  that  was  analyzed  in  order  to 
match  the  predicted  deflections  of  the  group  presented  earlier.  A 
single  y-multiplier  is  used  to  stretch  all  p-y  curves  along  a  pile  at 
a  given  load. 

The  procedure  of  stretching  the  single  p-y  curve  presents  some 
problems  for  the  case  of  cyclic  loading.  At  fairly  shallow  depths, 
the  deflection  to  reach  the  residual  resistance  of  the  soil  for  the 
single-pile  p-y  curve  may  be  on  the  order  of  1/2  in.  or  more.  A 
y-multiplier  of  8  would  move  that  point  to  a  deflection  of  4  inches. 
It  seems  intuitively  unreasonable  that  nearby  piles  moving  about  1/2 
in.  would  produce  a  3-1/2  in.  increase  in  deflection.  For  a  curve  at 
a  relatively  shallow  depth,  the  effect  of  stretching  may  be  actually 
to  increase  the  soil  resistance  if  equilibrium  for  the  unstretched 
curve  was  achieved  at  a  point  beyond  the  peak.  An  examination  of  the 
Focht-Koch  curves  in  Fig.  8.13  illustrates  this  situation.  In  order 
to  match  the  predicted  deflections  of  the  group  at  large  loads,  the 
Focht-Koch  p-y  curves  were  stretched  more  and  more  at  increasing 
loads,  and  the  residual  resistances  of  the  soil  were  never  attained. 
As  for  the  static  case,  the  maximum  soil  resistances  derived  from 
group  pile  measurements  were  substantially  lower  than  those  predicted, 
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and  the  maximum  soil  resistances  for  the  single  pile  were  lower  as 


well. 


Distribution  of  Load  in  the  Group.  Distribution  of  load  to 


the  piles  for  the  static  case  was  shown  to  indicate  that  all  of  the 
loads  were  fairly  close  to  the  average  value.  The  stretching  factors 
used  in  the  Focht-Koch  analysis  at  a  given  load  are  higher  for  cyclic 
conditions  than  for  static  (because  the  deflection  predicted  for  a 
single  pile  under  cyclic  conditions  is  higher).  The  result  of  these 
higher  factors  is  to  distribute  the  predicted  loads  for  cyclic  condi¬ 
tions  even  more  uniformly. 


Summa r\ 


The  Focht-Koch  procedure  is  the  earliest  of  the  hybrid  models 


for  estimating  behavior  of  a  pile  group  under  lateral  loads  and  pro¬ 
vides  the  advantage  over  the  elastic  model  of  accounting  for  the 
effects  of  nonlinear  resistance  of  the  soil  in  the  region  near  the 
individual  piles.  The  method  also  attempts  to  predict  in  a  rational 
manner  the  distribution  of  stresses  with  depth.  Comparisons  with  mea¬ 
sured  results  indicate  that  the  method  is  unconservative  in  predicting 
deflections,  maximum  bending  moments,  and  depth  to  maximum  bending 
moments  at  loads  in  excess  of  working  loads  for  both  static  and  cyclic 
loadings.  The  method  does  not  account  for  the  observed  large 
reductions  in  maximum  soil  resistances  in  the  piles  in  the  group  with 
respect  to  single-pile  values  and  does  not  properly  model  the  loss  of 
soil  resistance  due  to  cyclic  loading. 
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PILGP2R 


The  unreasonable  offsets  in  p-y  curves  for  the  shallow  soils 


produced  by  the  use  of  the  constant  y-multiplier  with  depth  in  tre 
Focht-Koch  method  prompted  more  analytical  studies  using  hybrid  mod¬ 
els.  PILGP2R  represents  possibly  the  most  complete  hybrid  model  using 
1  oad-transfer  curves  and  elastic  interaction  between  piles.  As 
described  in  Chapter  4,  the  program  computes  displacement  at  the 
location  of  each  individual  p-y  curve  due  to  point  loads  at  each  pile 
increment  throughout  the  group.  These  displacements  are  used  to  der¬ 
ive  a  y-multiplier  for  each  individual  p-y  curve  in  the  group.  The 
approach  of  PILGP2R  follows  the  basic  idea  proposed  by  Focht  and  Koch 
in  that  nonlinear  soil  response  is  thought  to  be  due  to  plastic 
strains  in  the  near  field  around  each  individual  pile,  and  group 
effects  are  thought  to  be  due  to  superimposed  displacements  caused  by 
the  nearby  piles.  Because  strains  in  the  far  field  around  the  piles 
are  thought  to  be  small,  the  superimposed  displacements  are  computed 
on  the  assumption  of  an  elastic  soil  using  a  modulus  representative  of 
small  strains. 

Tne  maximum  modulus  corresponding  to  small  strains  can  be 
determined  by  using  in-situ  techniques  such  as  measurement  of  velocity 


of  shear  waves  using  the  cross-hole  method.  Such  measurements  made  at 
the  test  site  indicated  a  Young's  modulus  of  about  30,000  lb/sq  in. 
that  was  relatively  constant  with  depth.  Other  recommendations  for 
values  of  moduli i  to  be  used  in  hybrid  models  in  clay  have  been  summa¬ 
rized  by  O'Neill  (1983)  and  generally  range  from  300  to  1000  times  the 
value  of  undrained  shear  strength  as  determined  from  UU  tests.  Values 
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of  400Su  and  800$u  were  used  in  the  analysis  that  follows;  some  small¬ 
er  values  were  also  used  to  examine  the  influence  of  the  soil  modulus. 
All  p-y  curves  used  in  PILGP2R  were  those  derived  from  the  single-pile 
test  on  the  specific  site. 

Static  Case 

Load-Deflection  Predictions.  Presented  in  Fig.  8.14  are  the 

results  of  analyses  using  the  aforementioned  values  of  E$,  as  well  as 

results  using  two  lesser  values.  As  for  the  Focht-Koch  method,  the 

analysis  underpredicts  deflections  by  a  substantial  amount  at  lpads  in 

excess  of  typical  working  loads.  The  results  are  somewhat  better  than 

the  Focht-Koch  predictions  for  the  Es  =  80QSu  case,  particularly  in 

the  range  of  small  loads  (less  than  about  7  kips).  The  results  were 

not  particularly  sensitive  to  E„  for  reasonable  values  of  400S  or 

s  u 

more.  The  curves  shown  in  Fig.  8.14  demonstrate  that  the  observed 
behavior  of  the  group  cannot  be  matched  throughout  the  entire  range  of 
load  by  simply  adjusting  the  values  of  E$  that  are  used  in  the  analy¬ 
sis. 

Load-Moment  Predictions.  Curves  giving  load  vs.  maximum 
moment  for  the  PILGP2R  analysis  are  presented  in  Fig.  8.15.  The  val¬ 
ues  that  are  shown  are  for  the  pile  with  the  largest  load  as  predicted 
by  the  method,  although  all  of  the  loads  in  the  piles  were  predicted 
to  be  within  2%  of  the  maximum  for  all  but  the  very  small  loads. 
These  data  reveal  that  maximum  moments  that  are  predicted  for  the 
group  are  very  close  to  those  of  the  single  pile  for  any  reasonable 
value  of  E$,  and  thus  are  underpredicted  by  a  significant  amount  for 
the  group  at  large  loads.  However,  the  measured  values  for  the  group 
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were  also  similar  to  the  single-pile  values  for  loads  less  than  about 
7  or  8  kips  per  pile.  The  PILGP2R  predictions  in  the  range  of  7  to  8 
kips  are  thus  much  better  than  those  of  the  Focht-Koch  method,  which 
overpredicted  moments  at  small  loads. 

The  distribution  of  moments  with  depth  for  several  loads  as 
measured  and  as  predicted  by  PILGP2R  are  illustrated  in  Fig.  8.16.  A 
value  of  E^  of  400Su  was  used  for  these  and  subsequent  comparisons. 
Other  values  for  are  shown  on  the  plot  for  156  kips,  and  it  is  evi¬ 
dent  that  the  predicted  moments  (particularly  the  maximum  moments  and 
the  depth  to  maximum  moment)  are  not  greatly  sensitive  to  E^  for  any 
reasonable  values.  The  pattern  of  predicted  moments  is  similar  to  the 
Focht-Koch  predictions  in  that  the  value  of  and  depth  to  maximum 
moment  are  underpredicted  for  larger  loads.  The  predicted  depth  to 
maximum  moment  varies  little  with  increasing  load,  in  contrast  to  the 
measured  depth  to  maximum  moment  that  progressed  much  deeper  at  larger 
1 oads . 

Predictions  of  p-y  Curves.  Presented  in  Fig.  8.17  are  the 
predicted  p-y  curves  for  several  depths,  along  with  those  derived  from 
measurements  from  the  group  and  from  the  single  pile.  The  predicted 
curves  are  based  on  E^  =  400Su.  PILGP2R  predicts  p-y  curves  very  sim¬ 
ilar  to  those  of  a  single  pile,  but  with  some  offset  in  deflection. 
As  was  the  case  with  the  Focht-Koch  method,  the  major  source  of  error 
in  the  predicted  curves,  as  compared  with  measurements,  is  the  inabil¬ 
ity  of  the  method  to  account  for  a  reduction  in  the  maximum  soil 
resistance  due  to  group  effects. 
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Distribution  of  Load  in  the  Group.  Loads  to  the  individual 
piles  in  the  group  were  predicted  by  PILGP2R  to  be  within  about  0.3 
kips  of  the  average  for  all  piles  and  for  all  loads  that  were  ana¬ 
lyzed.  These  loads  are  thus  more  evenly  distributed  than  was  pre¬ 
dicted  by  Focht-Koch.  Measurements  indicated  that  the  front-row  piles 
carried  a  greater  portion  of  the  load  in  the  field  test. 

Cyclic  Case 

As  with  the  Focht-Koch  procedure,  PILGP2R  makes  use  of 
strain-softening  p-y  curves  to  model  degradation  during  cyclic  loading 
and  modifies  these  curves  for  group  effects  in  a  fashion  similar  to 
that  used  for  static  loads.  The  constant  y-multiplier  at  all  depths 
and  the  resulting  large  offsets  in  deflection  for  p-y  curves  near  the 
mudline  caused  problems  in  modelling  cyclic  degradation  with  the 
Focht-Koch  procedure;  the  residual  values  of  soil  resistance  were  nev¬ 
er  achieved  for  shallow  depths.  PILGP2R  does  not  suffer  from  this 
constant  y-multiplier  restriction  and  perhaps  could  be  expected  to 
model  better  cyclic  degradation  in  the  p-y  curves.  Results  of  ana¬ 
lyses  for  the  cyclic  loadings  used  in  the  Houston  test  follow.  All 

analyses  are  based  on  E  -  400S  . 

s  u 

Load-Deflection  Predictions.  The  load-deflection  curves  for 
the  100th  cycle  for  the  group  and  for  the  single  pile  are  presented  in 
Fig.  8.18,  along  with  predictions  from  PILGP2R.  There  was  a  certain 
range  of  loads  in  which  PILGP2R  would  not  converge  to  a  solution.  At 
loads  slightly  lower  than  this  range,  deflections  seemed  to  be  anoma¬ 
lously  low  and  were  even  lower  than  the  single-pile  deflections  for 
some  loads.  Examination  of  the  mode  curves  for  the  individual  piles 


(Chapter  4  presents  an  explanation  of  mode  curves  and  the  method  of 
solution  in  PILGP2R)  indicated  that  the  assembly  of  the  stiffnesses  of 
the  individual  pileheads  and  solution  of  the  group-matrix  problem 
resulted  in  a  deflection  for  the  piles  in  the  group  less  than  what  was 
compatible  with  the  mode-curve  deflections.  Once  adjusted  for  group 
effects,  the  mode  curves  are  reportedly  not  changed  during  the  assem- 
bly-and-sol ution  process,  so  the  incompatibility  is  presently  unex¬ 
plained.  Because  the  loads  to  the  individual  piles  were  very  close  to 
the  average  load  in  every  case,  a  deflection  could  be  picked  off  the 
mode  curves  for  the  individual  piles  for  the  average  load  and  plotted 
to  produce  the  dotted  line  in  Fig.  8.18.  The  dotted  line  appears  to 
be  a  more  reasonable  prediction  of  behavior  in  the  region  indicated. 
This  behavior  leads  to  the  suspicion  that  there  may  be  an  error  in  the 
PILGP2R  algorithm  under  certain  conditions  probably  involving  the  fit 
of  cubic  spline  functions  to  the  mode  curve  data  points.  As  will  be 
subsequently  shown,  the  region  of  computational  instability  occurs  at 
the  point  at  which  many  of  the  near-surface  p-y  curves  are  in  the 
transition  between  the  peak  and  the  residual  soil  resistance  (i.e., 
the  range  of  deflections  for  which  the  p-y  curve  has  a  negative 
slope).  Nevertheless,  the  algorithm  seemed  to  work  correctly  for 
small  loads  and  for  the  maximum  loads  achieved  during  the  load  test. 
PILGP2R  predicted  deflections  very  well  at  small  loads,  and  underpre¬ 
dicted  deflection  at  large  loads  by  a  substantial  amount.  It  is  of 
interest  to  note  again  that  the  analysis  was  performed  using  p-y 
curves  derived  from  a  single-pile  test  that  was  very  near  the  group, 
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so  that  very  good  agreement  should  be  realized  if  the  analysis  is  cor 
rectly  accounting  for  group  effects. 


Load-Moment  Predictions.  Presented  in  Fig.  8.19  are  the  pred¬ 
ictions  of  load  vs.  maximum  moment  of  PILGP2R.  As  discussed  previous¬ 
ly,  the  solution  for  loads  from  about  5  to  11  kips  per  pile  was  either 
ncnconvergent ,  or  otherwise  suspect.  At  larger  and  smaller  loads, 
P1LGP2R  predicts  maximum  moments  very  close  to  those  of  a  single  pile. 
Figure  8.20  provides  plots  of  bending  moment  vs.  depth  for  several 
loads.  The  predicted  distribution  for  the  67.5-kip  load  is  suspect, 
but  those  for  30  and  115  kips  are  thought  to  be  correct.  As  was  the 
case  for  static  conditions,  PILGP2R  underpredicts  for  large  loads  both 
the  maximum  moment  and  the  depth  to  maximum  moment.  The  solution 
appears  to  be  fairly  close  to  measurements  for  the  30-kip  load. 

Predictions  of  p-y  Curves.  Presented  in  Fig.  8.21  are  the  p-y 
curves  that  were  predicted  by  PILGP2R  along  with  those  derived  from 
measurements  for  the  100th  cycle  at  a  given  level  of  load.  The  range 
of  loads  in  which  the  solution  was  unstable  coincided  with  the  transi¬ 
tion  zone  from  peak  to  residual  loads  for  the  shallow  p-y  curves.  The 
stable  solution  for  the  larger  loads  was  achieved  at  a  soil  resistance 
equal  to  residual  values,  as  evident  by  the  marker  for  the  115-kip 
load.  PILGP2R  tracked  the  single-pile  p-y  curves  fairly  closely  for 
shallow  curves,  with  an  increasing  offset  in  deflection  at  the  6-ft 
depth.  In  contrast  to  the  Focht-Koch  procedure,  PILGP2R  modelled  the 
degradation  of  soil  resistance  to  the  residual  values  for  the  single 
pile.  However,  the  significant  reduction  in  both  the  peak  value  and 
residual  value  of  soil  resistance  was  not  predicted. 
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PILGP2R  predicted  that  all  piles  in  the  group  would  be  loaded  to  with¬ 
in  0.3  kips  of  the  computed  average. 

Summary 

PILGP2R  was  designed  to  be  an  improvement  over  the 
Focht-Koch-hybrid  model  in  that  it  more  appropriately  accounted  for 
pi  1 e-soi 1 -pi le  interaction  through  an  elastic  soil.  As  the  results  of 

analyses  show,  PILGP2R  did  in  fact  model  the  test  results  better  than 

Focnt-Koch  in  several  respects.  PILGP2R  predicted  load-deflection, 
load  moment,  and  distribution  of  moment  with  depth  much  more  closely 
than  Focht-Koch  for  loads  less  than  about  4  kips  per  pile.  PILGP2R 
did  not  accurately  model  the  response  of  the  group  in  a  general  sense. 
Deflections,  bending  moments,  and  depth  to  maximum  moment  were  seri¬ 
ously  underpredicted  at  large  loads  for  both  static  and  cyclic  condi¬ 
tions.  These  inadequacies  can  be  attributed  to  a  failure  to  account 

for  reductions  in  the  maximum  soil  resistance  due  to  group  effects. 

The  method  also  did  not  properly  predict  the  distribution  of  load  to 
the  piles.  The  fact  that  test  results  indicated  a  substantial 
^eduction  in  maximum  soil  resistance  as  well  as  a  load  bias  toward  the 
front-row  piles  must  cast  serious  doubt  on  the  validity  of  using  an 
elastic  soil  to  model  pile-soil-pile  interaction  at  lateral  loads  in 
excess  of  very  small  values. 

SINGLE-PILE  METHOD 

The  single  pile  method  described  in  Chapter  4  is  not  really  a 
formal  method  of  analysis  which  has  been  described  and  reviewed  in  the 


technical  literature,  but  rather  a  means  of  providing  an  upper  bound 
on  the  predicted  response  of  a  pile  group.  All  of  the  piles  in  the 
group,  along  with  the  soil  within  the  group  are  assumed  to  act  as  one 
unit.  This  assumption  should  thus  represent  the  extreme  of  group 
interaction  in  which  the  behavior  of  an  individual  pile  is  insignif¬ 
icant.  The  response  is  computed  by  analyzing  a  large,  imaginary  pile 
wnich  has  a  flexural  stiffness  equal  to  the  sum  of  the  stiffnesses  of 
the  individual  piles.  The  diameter  of  the  imaginary  pile  is  taken  as 
the  diameter  of  a  circular  pile  having  the  same  perimeter  as  that  of 
the  group.  For  this  case,  that  diameter  is  85  inches. 

Curves  of  p  vs.  y  for  the  imaginary  pile  have  been  computed 
using  two  different  procedures.  The  first  is  the  procedure  recom¬ 
mended  by  Matlock  (Matlock,  1970)  and  described  in  API  RP2A  for  use  in 
soft  clay.  Neither  the  Matlock  recommendations  nor  any  other  avail¬ 
able  procedure  predicted  the  response  of  the  single  pile  with  any 
degree  of  accuracy.  Matlock's  procedure  for  p-y  construction 
(referred  to  as  SO  in  this  report)  has  been  used  primarily  as  a  basis 
for  comparison  with  the  second  procedure  that  is  used,  called  the 
"site-specific"  procedure  (referred  to  as  SS  in  this  report).  The  SS 
p-y  curves  were  generated  by  modifying  the  constants  in  the  Matlock 
equations  to  produce  agreement  with  the  results  of  the  test  of  the 
single  pile.  The  approach  taken  has  the  advantage  of  matching  the 
response  of  the  small  pile.  The  p-y  curves  computed  by  both  methods 
for  the  large  imaginary  pile  also  provided  the  necessary  first  step  in 
the  Bogard-Matl ock  procedure,  that  is  described  later.  Results  of 
analyses  for  the  imaginary  pile  follow. 


Load-Deflection  Predictions.  Presented  in  Fig.  8.22  are  the 
results  of  computations  for  an  85-in.  diameter  pile  using  the  two 
methods  of  constructing  p-y  curves  described  earlier.  The  loads  used 
in  computations  for  the  large,  imaginary  pile  have  been  divided  by  9 
t?  plot  the  average  load  per  pile.  Both  methods  greatly  overpredict 
deflection  for  a  given  load.  As  will  be  evident  in  the  later  dis¬ 
cussion  of  the  Bogard-Matlock  method,  the  stiffer  response  computed 
using  the  SO  criteria  is  attributable  largely  to  the  larger  values  of 
maximum  soil  resistance  at  shallow  depths  predicted  by  this  criterion. 

Load-Moment  Predictions.  The  predictions  of  maximum  moment 
computed  by  the  single-pile  method  using  the  two  criteria  are  pre¬ 
sented  in  Fig.  8.23.  Values  of  moment  that  are  shown  are  computed 
values  for  the  imaginary  pile  divided  by  the  number  of  piles  in  the 
group.  Compared  to  the  measured  value,  the  predictions  of  maximum 
moment  are  quite  good;  the  prediction  using  the  SS  criterion  matches 
the  shape  of  the  upper  bound  of  the  measured  response  very  well. 
These  plots  indicate  that  the  prediction  of  maximum  bending  moments  is 
less  sensitive  to  the  computation  procedures  used  than  are 
deflections. 

Cycl ic  Case 

The  degradation  in  soil  resistance  is  thought  to  be  due  prima¬ 
rily  to  the  effects  of  gapping  and  scour  immediately  around  a  pile,  it 
does  not  appear  rational  to  consider  gapping  and  scour  around  an  85- 
in,  diameter  imaginary  pile  to  be  relevant  for  a  group  of  piles  wnere 
the  spacing  is  3  diameters  on  center. 
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The  single-pile  method  of  treating  a  pile  group  should  offer 
an  upper  limit  on  static  deflection  and  moments  if  the  response  of  a 
single  pile  can  be  predicted  by  the  p-y  curves  that  are  employed,  "he 
effect  of  diameter  on  p-y  curves  is  a  parameter  that  obviously  influ¬ 
ences  the  predictions  with  the  single-pile  method.  The  fact  that  the 
p-y  procedure  that  is  used  is  largely  empirical,  coupled  with  the  gen¬ 
eral  lack  of  experimental  data  for  piles  of  varying  diameter  in  simi¬ 
lar  soil,  does  not  contribute  to  confidence  in  the  results  of  such  an 
approach.  The  single-pile  method  seemed  to  provide  an  upper-bourd 
solution  for  the  results  of  this  study,  as  the  deflections  were  con¬ 
servatively  predicted.  The  single-pile  method  using  the  site-specific 
p-y  curves  predicted  maximum  bending  moments  conservatively. 

BOGARD-MATLOCK  METHOD 

Errors  in  the  predictions  made  with  the  hybrid  models  were 
noted  to  be  largely  due  to  the  fact  that  the  maximum  values  of  soil 
resistance  ( P  u  i  ^ )  predicted  for  the  piles  in  the  group  were  too  high. 
The  hybrid  models  did  not  provide  any  rational  basis  for  reducing  p  ^ 
from  the  single-pile  values  to  account  for  group  effects.  Bogard  and 
Matlock  apparently  made  similar  observations  in  evaluating  the  results 
of  the  Harvey,  Louisiana,  test  and  proposed  a  method  to  accommodate 
the  reduction  in  p  ^  The  basic  procedure  that  is  used  in  the 

Bogard-Matlock  method  is  outlined  in  Chapter  4.  Simply  stated,  the 

method  combines  the  single  p-y  curves  with  a  modification  of  the  p-y 
curves  for  a  large,  imaginary  pile  (similar  to  that  described  in  the 


previous  section)  to  produce  p-y  curves  for  the  analysis  of  piles  in 
the  group.  All  piles  in  the  group  are  assumed  to  behave  in  the  same 
manner.  Although  the  authors  recognize  that  such  behavior  is  not  nec¬ 
essarily  the  case  (their  procedure  is  not  represented  as  a  rigorously 
correct  solution),  they  propose  that  variations  are  small  and  can  ade¬ 
quately  be  accommodated  by  a  small  overdesign. 

Because  the  Bogard-Matl ock  method  involves  the  superposition 
of  two  p-y  curves  to  produce  another,  the  results  of  the  analysis  are 
quite  sensitive  to  the  methods  used  for  generating  these  p-y  curves. 
As  indicated  in  the  discussion  of  the  single-pile  method,  none  of  the 
available  methods  of  predicting  p-y  curves  yielded  results  for  the 
test  of  the  single  pile  with  an  acceptable  level  of  accuracy.  The 
Bogard-Matlock  procedure  has  thus  been  performed  using  both  the  API 
RP2A  recommendations  for  p-y  curves  after  Matlock  (1970)  and  a  modifi¬ 
cation  of  that  p-y  criterion  that  was  made  in  order  to  match  the 
results  of  the  test  of  the  single  pile.  These  two  criteria  are 
labelled  SO  and  SS,  respectively,  as  noted  earlier.  The  modified  p-y 
curves  (SS)  are  thought  to  represent  best  the  use  of  the  method  in 
principle  because  the  use  of  those  curves  actually  will  yield  results 
that  match  results  of  the  test  of  the  single  pile.  Thus,  any  errors 
in  the  predictions  of  the  behavior  of  the  group  should  be  solely  due 
to  the  analytical  method.  However,  the  SS  p-y  curves,  derived  from  a 
■  1  i * 'ration  of  the  SO  curves,  are  not  unique  in  that  other  sets  of 
p-y  curves  could  also  be  used  to  match  the  single-pile  data.  The  use 
of  a  different  form  for  the  p-y  curves  would  result  in  different  pred¬ 
ictions  for  the  imaginary  pile  and  subsequently  would  produce  differ- 


ent  predictions  for  the  group.  Such  is  always  the  problem  with  a 
method  so  dependent  on  empirical  correlations;  the  approach  used  here¬ 
in  represents  an  attempt  to  follow  Bogard  and  Matlock's  concepts  as 
closely  as  possible  and  still  provide  feedback  on  the  validity  of  the 
approach . 

For  the  spacing  of  the  piles  in  the  Houston  test  group,  the 
p-y  curves  from  the  imaginary  pile  dominated  the  group-pile  pred¬ 
ictions.  The  resulting  reduction  in  p^ ^  from  the  single-pile-pred¬ 
icted  values  was  found  to  be  substantial  for  each  of  the  two  methods. 
Figure  8.24  presents  a  plot  of  these  p  |t  values  as  predicted  and  as 
measured  for  both  the  group  and  the  single  pile  under  static  condi¬ 
tions.  Because  of  the  overprediction  of  p  lt  by  the  SO  method  for 
shallow  depths  for  the  single  pile,  it  is  not  surprising  that  p^lt  was 
overpredicted  for  the  group.  The  SS  method  underpredicted  Pu^t,  but 
the  trend  of  p  i  with  depth  was  very  similar  to  the  measured  values. 

Although  the  predictions  of  p^^  are  a  major  factor  control¬ 
ling  the  prediction  of  response  of  the  group,  the  predicted  shape  of 
the  p-y  curves  is  also  an  important  factor;  the  shape  used  in  the  SS 
method  was  not  the  same  as  that  of  the  SO  method.  The  important  prob¬ 
lem  of  cyclic  response  is  considered  in  the  Bogard-Matl ock  method  a'-d 
has  been  analyzed  using  site-specific  (SS)  p-y  curves.  Results  of  the 
analyses  and  further  discussion  of  important  parameters  influencing 
the  results  are  presented  in  the  paragraphs  that  follow. 

Static  Case 

Load-Deflection  Predictions.  The  load- deflection  predictions 
for  the  group  for  each  method  are  presented  in  Fig.  8.25,  along  with 
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measured  values.  The  SS  predictions  are  seen  to  match  the  shape  of 
the  curve  fairly  well,  but  the  deflections  are  overpredicted  through¬ 
out  tne  range  of  loading.  The  general  similarity  of  the  shape  of  the 
curves  implies  that  the  nonlinear  interaction  of  the  group  is  modelled 
to  some  extent. 

Load-Moment  Predictions.  The  predictions  of  load  vs.  maximum 
moment  for  the  Bogard-Matlock  model  are  shown  in  Fig.  8.26.  The  SS 
method  is  seen  to  model  very  closely  the  maximum  moments  that  were 
measured  in  the  Houston  test  at  all  values  of  load.  Presented  in  Fig. 
8.27  are  the  moment  vs.  depth  distributions  at  several  selected  loads. 
This  figure  indicates  that  although  the  maximum  moments  are  close  to 
the  measured  values,  the  depth  to  maximum  moment  is  overpredicted  by 
about  30%.  Unlike  the  hybrid  models,  this  method  correctly  predicts 
the  significant  deepening  of  the  maximum  moments  with  increasing  load. 

Predictions  of  p-y  Curves.  Presented  in  Fig.  8.28  are  the  p-y 
curves  for  the  Bogard-Matlock  method,  along  with  values  derived  from 
measurements.  The  points  made  earlier  regarding  the  underprediction  of 
p  1  with  the  Bogard-Matlcok  procedure  using  the  SS  method  are  evident 
in  these  plots.  The  shape  of  the  predicted  p-y  curves  appears  to  be 
fairly  close  to  those  of  the  measured  curves,  except  that  the  p^t 
values  are  too  low. 

Distribution  of  Load  in  the  Group.  As  mentioned  previously, 
the  Bogard-Matlock  approach  assumes  the  load  to  be  evenly  distributed 
among  all  the  piles  in  the  group. 
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Fig.  8.26  Bogard-Matloc  k  Load  va.  Maximum  Momtnt 
Pradlctiona,  Cycia  1  (Static) 
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As  with  the  static  case  the  Bogard-Matl ock  method  uses  super¬ 
position  of  p-y  curves  from  a  single  pile  and  from  an  imaginary  pile 
to  compute  a  predicted  curve  for  group  piles.  As  discussed  in  Chapter 
4,  Bogard  and  Matlock,  reduce  the  component  of  the  imaginary  pile  for 
r-y  curves  at  depths  less  than  x^,  where  is  related  to  the  depth 
wriere  the  ground  surface  no  longer  influences  the  ultimate  resistance 
of  the  soil.  They  also  apparently  use  the  static  curves  for  the  imag- 
irary  pile,  thus  relating  all  loss  of  soil  resistance  to  local  factors 
near  the  individual  piles.  These  procedures  were  used  with  the  SS  p-y 
curves  to  analyze  the  behavior  of  the  Houston  group  under  cyclic  load¬ 
ing.  Although  Bogard  and  Matlock  proposed  their  method  using  the  SO 
method  of  obtaining  p-y  curves,  the  SO  method  is  shown  not  to  agree 
with  the  single-pile  data  and  therefore  was  not  used  to  analyze  the 
response  of  the  group  to  cyclic  loading.  The  SS  p-y  curves  are  of  a 
similar  form  as  the  SO  p-y  curves,  but  the  constant  terms  are  adjusted 
to  fit  the  measured  single-pile  response.  Some  adjustments  were  also 
made  to  force  agreement  in  the  range  of  cyclic  degradation  in  soil 
re  s i s tance . 

Load-Deflection  Predictions.  The  predicted  load-deflection 
response  at  100  cycles  is  presented  in  Fig.  8.29.  These  curves  show 
remarkably  good  agreement  with  measured  response  over  the  entire  range 
of  loads.  The  predictions  using  the  Bogard-Matlock  procedure  for 
static  loading  were  somewhat  conservative,  although  of  the  proper 


BOGARO-MATLOCK,  S3 


V 

measureo-group 


Load-Moment  Predictions,  As  revealed  in  Fig.  8.30,  the  pre¬ 
dicted  relationship  between  load  and  maximum  moment  is  also  in  close 


agreement  with  measured  values  over  the  entire  range  of  loads.  In 
Fig.  8.31,  the  shape  of  the  moment  vs.  depth  curves  is  seen  to  match 
very  well  with  measured  values,  even  to  the  point  of  correctly  pre¬ 
dicting  the  depth  of  the  maximum  moments.  Such  agreement  is  encourag¬ 
ing  in  view  of  the  magnitude  of  the  errors  that  were  found  when  using 
some  other  design  procedures.  This  agreement  is  much  better  than  that 
observed  for  the  static  case  discussed  previously. 

P-y  Curves.  Presented  in  Fig.  8.32  are  the  computed  p-y 
curves  for  cyclic  loading  at  several  depths.  The  Bogard-Matl ock 
curves  appear  to  match  the  curves  derived  from  measurements  fairly 
closely.  However,  the  for  the  static  p-y  curves  was  underpre¬ 
dicted,  and  the  curves  derived  from  the  imaginary  pile  were  dominant. 
The  static  p-y  curve  for  the  imaginary  pile  dominates  the  shape  of  the 
predicted  p-y  curves  here;  the  drop  in  soil  resistance  from  some  peak 
to  a  residual  value  is  derived  from  the  single-pile  curve  in  this 
method,  as  is  evident  for  the  curve  for  the  1  - f t  depth.  At  depths  of 
3  ft  or  greater,  Puit  from  the  static  curve  for  the  imaginary  pile  is 
less  than  the  residual  value  of  soil  resistance  from  the  single  pile. 

The  excellent  agreement  that  is  observed  is  due  to  the  fact 
that  the  values  of  soil  resistance  for  the  static  curves  were  under¬ 
predicted,  and  these  values  happened  to  be  approximately  equal  to  the 
residual  p  values  for  the  measured  group  curves.  The  agreement  noted 
earlier  for  the  predictions  of  load-deflection  and  load-moment  there¬ 
fore  appears  somewhat  fortuitous.  The  Bogard-Matlock  procedure  pre- 
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an  even  better  prediction  of  cyclic  response,  but  close  in'-'ection 
indicated  this  very  close  agreement  was  seen  to  be  largely  due  to  the 
conservatism  in  the  static  predictions.  The  degradation  in  response 
due  to  cyclic  loading,  relative  to  the  static  response,  was  unconser- 
vatively  underpredicted.  It  should  be  noted  that  such  a  trend  is 
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dependent  on  the  method  used  for  generating  the  p-y  curves.  The  meth¬ 
od  used  in  this  analysis  fitted  the  single-pile  response  on  this  site; 


no  other  method  would  allow  a  simple  comparison  of  measured  vs.  pre¬ 
dicted  response,  as  other  methods  would  be  based  on  an  incorrect  pre¬ 
diction  of  single-pile  response  and  any  agreement  would  be 
coi ncidental . 

SUMMARY  OF  PREDICTIONS  OF  THE  VARIOUS  MODELS 

A  variety  of  different  analytical  approaches  has  been  pre¬ 
sented,  and  a  variety  of  resulting  predictions  has  ensued.  In  summa¬ 
rizing,  it  can  be  concluded  that  the  elasticity-based  approaches, 
including  the  hybrid  models,  do  not  predict  the  nonlinearity  of  the 
response  to  an  adequate  degree.  These  models  underpredict  the 
deflections,  moments,  and  depth  to  maximum  moment  at  loads  exceeding 
small  values.  Although  these  models  were  never  offered  as  adequate  at 
loads  exceeding  working  loads,  how  might  one  define  working-load  val¬ 
ues  if  the  ultimate  loads  are  unknown?  The  failure  of  these 
approaches  to  model  behavior  at  large  loads  is  attributable  to  the 
lack  of  any  rational  means  of  reducing  the  values  of  the  ultimate 
resistance  of  the  soil  to  account  for  group  effects.  The  fact  that 
distribution  of  loads  to  piles  in  the  group  did  not  follow  the  pred¬ 
ictions  of  the  elasticity  theory  also  does  not  inspire  confidence  in 
an  elasticity-based  approach. 

On  behalf  of  the  elasticity-based  models  (such  as  DEFPIG  and 
PPGP2R),  it  must  be  stated  that  none  of  the  other  types  of  procedures 
can  account  for  varying  pile  arrangements  and  general  loadings  (i.e., 
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coupled  axial  and  lateral  loads).  A  designer  faced  with  a  group  geom¬ 
etry  and/or  loading  which  cannot  be  represented  by  a  simplified 
approach  presently  has  little  alternative  to  the  use  of  an  elastici¬ 
ty-based  model;  the  data  presented  in  this  chapter  offer  some  guidance 
in  determining  the  limitations  of  such  an  approach. 

The  model  proposed  by  Bogard  and  Matlock,  must  be  said  to  show 
promise,  in  that  it  correctly  predicted  trends  of  nonlinearity  in  the 
group  response.  It  also  provided  a  means  of  reducing  values  of  soil 
resistance  to  account  for  group  effects,  which  seems  to  be  the  key  to 
accurate  predictions  of  response.  The  most  glaring  shortcoming  of  the 
Bogard-Matlock  method  is  the  empiricism  used  in  constructing  p-y 
curves  for  the  pile  group  and  its  inability  to  predict  different 
behavior  in  different  piles.  Such  techniques  as  dividing  deflection 
values  on  the  imaginary  p-y  curve  by  the  pile  spacing  in  diameters 
appear  to  be  largely  the  result  of  forcing  a  fit  with  the  Harvey-group 
tests  on  which  the  method  is  based.  Although  Bogard  and  Matlock  do 
not  claim  their  method  to  be  a  rigorously  correct  solution,  the  appli¬ 
cation  of  such  an  approach  to  design  problems  is  extremely  sensitive 
to  calibration  of  the  procedure  with  experimental  data.  Of  course, 
none  of  the  other  proposed  methods  have  been  calibrated  to  test  data 
either,  so  the  demand  for  more  experimental  data  seems  to  be  a  uni¬ 
versal  requirement. 

With  regard  to  cyclic  loading,  all  of  the  models  that  can 
account  for  cyclic  degradation  in  soil  resistance  assume  the  residual 
soil  resistance  to  be  close  to  that  of  the  single-pile  value,  which  in 
fact  was  clearly  not  the  case.  The  Focht-Koch  procedure  has  a  problem 
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even  modelling  the  loss  of  soil  resistance  to  this  value,  because 
stretching  the  near-surface  p-y  curves  with  a  Y-multiplier  prevents 
the  residual  part  of  the  curve  from  ever  being  reached.  Although  the 
Bogard-Matlock  procedure  seemed  to  predict  cyclic  response  very  well, 
this  was  shown  to  be  partly  due  to  the  fact  that  the  method  conserva¬ 
tively  predicted  static  response;  cyclic  degradation  with  respect  to 
the  static  response  was  underpredicted  for  this  method  as  well  as  for 
all  cf  the  others. 

The  observation  that  the  residual  values  of  soil  resistance 
for  the  cyclic  p-y  curves  were  less  than  that  of  the  single  pile  would 
seem  to  indicate  that  there  was  some  loss  in  soil  resistance  from 
cycling  due  to  effects  other  than  gapping  or  scour  immediately  around 
the  individual  piles.  Perhaps  a  pore-pressure  buildup  occurred  in  the 
mass  of  soil  around  the  group,  reducing  the  undrained  shear  strength 
somewhat.  One  can  only  speculate,  since  such  measurements  were  not 
made.  It  must  be  concluded,  however,  that  some  means  of  accounting 
for  loss  of  soil  resistance  to  values  less  than  that  of  the 
single-pile  values  is  needed,  and  none  of  the  available  models  make 
such  an  accounting. 
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CHAPTER  9 

RECOMMENDATIONS  FOR  DESIGN 

INTRODUCTION 

The  previous  chapter  has  provided  some  insight  into  the  suit¬ 
ability  of  currently  available  analytical  models  for  use  in  design. 
Comparison  of  predicted  vs.  measured  results  emphasized  the  highly 
nonlinear  behavior  of  the  group  during  lateral  loading.  None  of  the 
elasticity-based  models  adequately  predict  this  behavior  and  in  fact 
led  to  unconservati ve  predictions  of  deflection  and  pile  stresses.  A 
comparison  of  measured  soil  resistances  for  the  group  piles  and  the 
single  piles  revealed  a  substantial  reduction  in  the  ultimate  soil 
resistance  for  the  group  relative  to  that  of  the  single  pile. 

The  single-pile  method  and  the  Bogard-Matlock  method  offer  a 
seemingly  rational  approach  to  predicting  load-transfer  relationships 
for  piles  in  a  group  relative  to  that  of  a  single  pile,  at  least  for 
static  loading.  Although  the  Bogard-Matlock  procedure  attempts  to 
account  for  the  effects  of  cyclic  loading,  the  predictions  of  cyclic 
behavior  for  the  Houston  pile  group  was  seen  in  Chapter  8  to  be  uncon¬ 
servative  . 

A  simple  procedure  for  predicting  the  response  of  groups  of 
closely  spaced  piles  in  clay  subjected  to  static  or  cyclic  lateral 
loading  is  outlined  in  this  chapter.  The  procedure  is  not  offered  as 
a  rigorous  analytical  model,  but  rather  as  an  interim  procedure  which 
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has  a  rational  basis  and  which  is  correlated  with  experimental  data. 
The  method  is  simple  and  utilizes  existing  design  methodology  (the  p-y 
concept).  The  paragraphs  that  follow  describe  the  proposed  method  and 
discuss  the  application  of  the  method  in  design.  Predicted  results  of 
the  Houston,  Texas,  and  Harvey,  Louisiana,  experiments  are  examined. 

THE  P-FACTOR  APPROACH 

An  examination  of  measured  p-y  curves  for  the  Houston  group 
and  single  piles  reveals  the  following: 

1.  The  ultimate  soil  resistance  (p^)  for  static  loading  of  an 
average  pile  in  the  group  is  substantially  lower  than  that 
of  the  single  pile,  and  the  difference  increases  with 
increasing  depth. 

2.  The  soil  resistance  after  cyclic  loading  at  large  loads  is 
also  less  for  the  group  piles  relative  to  the  single  pile. 

3.  The  deflection  required  to  mobilize  the  ultimate  soil 
resistance  (or  residual  soil  resistance  in  the  case  of 
cyclic  loading)  can  be  treated  as  if  they  are  approximate¬ 
ly  equal  to  corresponding  deflections  for  the  single-pile 
p-y  curves. 

These  observations  lead  to  the  speculation  that  an  approximation  for 
the  average  p-y  curves  for  the  group  might  be  made  by  "scaling  down" 
the  single-pile  p-y  curves  with  some  factor  applied  to  the  soil 
resistance.  A  reasonable  factor  is  the  ratio  of  ultimate  soil  resist¬ 
ance  (pu)  during  static  loading  of  an  average  group  pile  to  that  of  a 
single  pile.  Ratios  of  the  average  measured  pu  for  group  piles  to 


those  of  the  single  pile  are  plotted  vs.  depth  in  Fig.  9.1.  A  rela¬ 
tively  smooth  curve  of  a  decreasing  ratio  with  increasing  depth  is 
observed . 

As  an  attempt  to  determine  whether  or  not  such  an  approach 
could  be  rewarding,  computations  were  performed  for  conditions  of  the 
Houston  experiment  using  p-y  curves  from  the  single-pile  experiment 
that  were  "factored."  This  factoring  was  performed  by  multiplying  the 
soil  resistance  at  each  point  on  the  p-y  curve  at  each  depth  by  the 
ratio  shown  in  Fig.  9.1.  This  procedure  was  followed  for  both  the 
static  and  cyclic  curves,  as  demonstrated  in  Fig.  9.2.  Single-pile 
p-y  curves  deeper  than  6  ft  had  to  be  estimated  since  measured  curves 
were  not  obtained  at  great  depths.  Curves  deeper  than  8  ft  were  fac¬ 
tored  by  a  ratio  of  0.3.  Several  typical  curves  are  shown  in  Figs. 
9.3  and  9.4.  The  predicted  and  measured  curves  should  match  at  the 
last  point  on  the  measured  curve,  as  that  point  was  used  to  compute 
the  ratios  shown  earlier.  Cyclic  p-y  curves  are  predicted  reasonably 
well  with  this  approach,  with  increasing  conservatism  with  depth. 

Presented  in  Figs.  9.5  through  9.10  are  plots  of  computed  and 
measured  deflections  and  moments  as  a  function  of  load  along  with 
moment  vs.  depth  curves  at  several  loads.  Of  particular  importance  in 
design  are  the  predictions  of  maximum  bending  moment. 

The  results  discussed  above  lend  encouragement  to  the  "p-fac- 
tor"  approach,  provided  that  some  reasonable  means  of  estimating  these 
multipliers  can  be  found.  The  following  section  examines  the  problem 
of  predicting  this  reduction  in  soil  resistances. 
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Fig.  9.3  Predicted  Static  P-Y  Curvaa  for  Qroui 
with  Maaaurad  P-Factora,  Houston  Sits 
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Fig.  9.8  Predicted  Load  vs.  Oaflaction  for  tho 
Houston  Sits  using  Msasursd  P-Faetors, 


Cyels  100 


275 


RANGE 


PREDICTED 


AVERAGE  FOR  GROUP 


B*Mi*|  M***nt,  in. -kip* 

0  200  400  600  800  1000 


8*n4in|  M*a*nt,  in. -kip* 
0  200  400  600  800 


DETERMINATION  OF  P-FACTOR 

The  single-pile  method  as  well  as  the  design  method  offered  by 
Bogard  and  Matlock  provide  a  seemingly  rational  way  of  predicting  a 
reduced  maximum  soil  resistance  for  piles  in  a  group  relative  to  that 
of  a  single  pile,  at  least  for  static  loading.  Both  of  these  methods 
limit  the  cumulative  soil  resistance  of  all  the  piles  within  a  group 
to  that  of  a  single,  large-diameter  pile.  Assuming  that  it  is  reason¬ 
able  that  a  group  of  piles  will  act  like  a  single,  large-diameter 
pile,  one  is  then  faced  with  the  problem  of  predicting  the  soil 
resistance  of  a  large-diameter  pile.  Although  existing  p-y  criteria 
have  been  used  to  make  such  a  prediction,  the  effect  of  diameter  on 
soil  resistance  varies  considerably  with  different  criteria. 

As  an  example  of  the  potential  difference  in  estimating  ulti¬ 
mate  soil  resistance  in  the  group  with  the  large  pile  and  with  differ¬ 
ing  p-y  criteria,  the  ratio  of  group  to  single-pile  pu  values  vs. 
depth  for  the  Houston  site  by  several  methods  is  presented  in  Fig. 
9.11.  Predictions  of  ultimate  soil  resistance  for  piles  in  the  group 
are  based  upon  that  of  a  pile  85  inches  in  diameter  (which  has  a  cir¬ 
cumference  equal  to  that  of  the  Houston  group)  divided  by  9  (the  num¬ 
ber  of  piles  in  the  Houston  group).  Points  are  plotted  to  represent 
measured  values.  The  line  marked  "SO"  represents  the  soft  clay  crite¬ 
ria  (with  the  empirical  term  J  set  equal  to  0.25)  as  used  by  Bogard 
and  Matlock  in  their  analysis  of  the  Harvey  test.  It  should  be 
recalled  that  the  Harvey  test  piles  were  not  sufficiently  instrumented 
to  derive  p-y  curves.  Bogard  and  Matlock  used  p-y  curve  criteria  for 
soft  clay  tailored  to  produce  a  bending  moment  vs.  depth  curve  which 


approximately  fit  the  measured  bending  moments.  The  line  marked  "$S" 
resulted  from  the  extrapolation  of  the  criteria  fitted  to  the  measured 
single-pile  data,  as  described  in  Chapter  8. 

Considering  the  wide  scatter  in  measured  undrained  shear 
strength  (Su),  it  is  possible  that  reasonable  Sy  values  could  be 
back-calculated  such  that  the  pu  values  from  the  SO  criterion  would 
match  the  single-pile  test.  With  those  values  of  Su  and  the  SO  crite¬ 
rion,  the  group  pile  pu  values  from  the  large  pile  technique  would  be 
greatly  overestimated.  A  similar  approach  using  the  SS  criterion 
would  result  in  pu  values  for  the  group  piles  which  would  be  greatly 
underestimated. 

Another  suggestion  for  ultimate  static  soil  resistance  at 
shallow  depths  was  originally  proposed  by  Reese,  Cox,  and  Koop  (1975) 
and  extended  by  Sullivan  (1977)  where: 

p  =  2S  b  +  y'b  +  0.83S  x 
u  ua  ua 

where:  S  =  average  undrained  shear  from  the  surface  to  depth  x, 
j-1  =  effective  soil  unit  weight,  and 

x  =  depth. 

This  relationship  was  used  to  develop  the  "Unified  Method"  by  Sullivan 
(1977).  This  criterion  was  used  for  the  Houston  site  with  the  term 
"F"  assumed  equal  to  1.0  (see  Reese  (1984)  for  a  brief  description  of 
this  method).  Computation  of  py  for  the  group  piles  using  the  large 
pile  approach  results  in  the  line  marked  "ST"  in  Fig.  9.11.  The  ST 
curve  is  seen  to  more  nearly  match  the  measured  values;  however,  this 
figure  is  not  offered  as  evidence  that  the  ST  relationship  for  py  is 


any  more  nearly  correct  than  any  other,  only  that  it  matches  the  meas¬ 
ured  data  better  with  the  large-pile  procedure.  It  should  be  noted 
that  the  Reese,  Cox,  and  Koop  recommendations  for  static  p-y  curves  in 
stiff  clay  below  the  water  table  suggest  a  precipitous  reduction  in 
soil  resistance  after  some  early  peak,  value.  Although  some  reduction 
in  soil  resistance  at  shallow  depths  might  be  expected  as  deeper  fail¬ 
ure  zones  are  mobilized,  the  large  reduction  in  the  Reese,  Cox,  and 
Koop  recommendation  is  widely  acknowledged  to  be  the  result  of  fitting 
that  procedure  to  a  test  in  heavily  fissured  clays  (Manor,  Texas)  and 
is  not  considered  to  be  typical  of  most  stiff  clays.  Note  also  that 
the  three  curves  shown  in  Fig.  9.11  are  not  unique,  but  depend  upon 
the  shear  strength  vs.  depth  profile.  A  unique  set  of  curves  would  be 
indicated  for  these  criteria  for  any  assumption  of  constant  shear 
strength  with  depth,  but  such  was  not  the  case  at  the  Houston  site. 

The  concept  of  the  limiting  soil  resistance  of  a  large  imagi¬ 
nary  pile  does  not  directly  address  the  problem  of  loss  of  soil 
resistance  during  cyclic  loading.  The  gapping  and  scour  around  the 
group  piles  due  to  cyclic  loading  was  observed  to  be  restricted  to  the 
near-field  around  the  individual  piles  both  in  the  Houston  test  ana  in 
the  5-pile  group  test  in  Harvey,  Louisiana.  Bogard  and  Matlock  pro¬ 
posed  that  the  residual  soil  resistance  for  cyclic  p-y  curves  should 
be  near  that  of  a  single  pile;  measurements  on  the  Houston  group  dem¬ 
onstrated  that  this  residual  value  of  soil  resistance  was  lower  for 
the  group  than  for  the  single  pile.  Figure  7.31  indicated  that 
Pres/Puit  f°r  t*ie  average  group  pile  was  almost  identical  to  the  ratio 


PROPOSED  DESIGN  METHOD 


In  light  of  the  above  discussion,  a  complicated  procedure  for 
accounting  for  group  effects  does  not  seem  justified.  Spatial  vari¬ 
ation  in  resistance  within  the  piles  in  the  group  cannot  presently  be 
accounted  for,  and  the  use  of  an  "average"  p-y  curve  for  all  piles  in 
the  group  must  be  considered  an  approximation.  The  most  important 
considerations  in  design  include: 

1.  a  close  approximation  of  pile  stresses, 

2.  reasonable  confidence  in  the  method  of  accounting  for 
cyclic  degradation  in  soil  resistance,  and 

3.  an  approximation  of  deflection  and  rotation. 

The  Bogard-Matlock  approach  is  seen  as  an  attempt  to  address  these 
considerations.  However,  the  combination  of  a  single-pile  and  a 
large-pile  p-y  curve  (with  adjustment  for  deflection  in  the  large-pile 
curve)  was  found  to  overpredict  soil  resistance  during  cyclic  loading 
for  the  Houston  group.  Additionally,  the  calculations  involved  in  the 
various  steps  in  the  Bogard-Matlock  approach  was  found  to  be  tedious 
and  complex,  especially  in  light  of  the  lack  of  experimental  evidence 
to  support  such  an  approach.  In  consideration  of  the  amount  of  exper¬ 
imental  data  and  the  nature  of  the  pile-group  problem,  the  following 
method  is  proposed  for  obtaining  the  response  of  the  piles  in  a  group. 

1.  Compute  a  set  of  p-y  curves  for  a  single  pile  using  judge¬ 
ment  as  to  the  best  available  p-y  criteria  for  the  site; 
the  "Unified  Method"  (Reese,  1984)  is  recommended. 

2.  Using  the  same  p-y  criteria,  compute  a  limiting  soil 
resistance  for  the  average  pile  in  the  group  based  upon  a 
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large  imaginary  pile  having  a  circumference  equal  to  the 
perimeter  of  the  group  and  on  the  relationship: 

pug  -  n  pui 

where:  p  =  ultimate  soil  resistance  of  the  average  pile 
in  the  group, 

p  .  =  ultimate  soil  resistance  of  the  large  imagi- 
U1  nary  pile,  and 

n  =  number  of  piles  in  the  group. 

3.  Compute  a  p-multipl ier,  Pmu^t.  by: 


mul 


t  pug^pusp’ 


mult 


<  1.0 


where:  p  =  ultimate  soil  resistance  of  a  single  pile, 
usp  computed  in  step  1. 

4.  Adjust  the  single-pile  p-y  curves  for  group  effects  by 
multiplying  each  value  of  soil  resistance  by  Pmu1t-  This 
procedure  is  used  for  both  static  and  cyclic  p-y  curves, 
as  shown  in  Fig.  9.2. 

The  proposed  method  is  offered  only  as  an  interim  method  to  account 

for  group  effects  and  is  based  on  test  results  available  to  date; 

additional  analytical  and  experimental  studies  are  certainly  needed. 

As  has  been  discussed,  the  computed  p-y  curves  are  very  sensitive  to 

the  interpreted  shear  strength  and  the  relationship  chosen  between 

shear  strength  and  ultimate  soil  resistance.  As  will  be  discussed  in 

the  paragraphs  to  follow,  the  method  has  only  been  shown  to  produce 

acceptable  results  using  p  factors  determined  with  the  "Unified 

mult 

Criteria"  as  described  by  Reese  (1984).  A  summary  of  the  proposed 
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method  is  provided  in  Appendix  A.  Computed  pile  group  behavior  using 
this  method  for  the  Houston  and  Harvey  experiments  follow. 


S  =  average  undrained  shear  strength  from  the  ground  surface 
ua  tc  depth  x. 

In  order  to  examine  the  accuracy  of  the  design  method  for  pile  groups, 
it  is  important  to  separate  errors  in  predicting  the  response  of  a 
single  pile  from  those  errors  introduced  in  accounting  for  group 
effects.  For  this  reason,  values  of  were  backfigured  for  each 
equation  such  as  to  match  the  interpreted  p^  from  measurements  at  each 
depth;  the  maximum  backfigured  from  the  three  equations  was  used  as 
the  correct  value  of  S^.  A  bilinear  approximation  to  the  backfigured 
Su  vs.  depth  relationship  was  used  in  subsequent  analyses  and  is  shown 
in  Fig.  9.12.  Because  this  relationship  seems  reasonable  given  the 
scatter  in  the  shear  strength  data,  it  was  accepted  for  computational 
purposes.  Equation  9.1  governed  behavior  in  the  upper  7  feet.  Below 
that  depth,  measured  pu  values  from  the  single-pile  test  could  not  be 
ascertained;  the  shear  strength  interpretation  below  7  ft  is  based 
primarily  on  UU  triaxial  compression  test  results. 

Using  the  three  equations  described  previously,  a  p^  vs.  depth 
relationship  was  computed  for  a  single  pile  (Pusp)  and  a  large  imagi¬ 
nary  pile  ( P u ^ p )  using  b  =  85  inches.  The  p^  values  for  an  average 
group  pile,  p  p,  were  then  taken  as 

P  *ip. 
ugp  n  uip 


where:  py^  =  pu  for  b  =  85  in.,  and 

n  =  number  of  piles  in  group  =  9. 

Shown  in  Fig.  9.13  are  p^  vs.  depth  predictions  for  the  average  group 
pile  and  single  pile,  along  with  measured  average  values  for  the  Hou- 
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ston  group  (measured  pu  for  the  group  was  taken  to  be  the  soil  resist¬ 
ance  at  large  deflection  as  described  in  Chapter  7,  rather  than  as 
peak  value).  Fairly  good  agreement  is  observed.  P-multiplier  values 

(d  i  )  are  computed  from  the  ratio  of  the  p  values  for  a  group  pile 
vtmult/  u 

to  single  pile:  P(nu1t  =  Pus/Pugp-  Values  of  Pfmjlt  for  this  case  are 
eoual  to  those  shown  by  the  curve  marked  "ST"  in  Fig.  9.11. 

The  p-y  curves  for  the  group  for  both  the  static  and  cyclic 
cases  were  computed  by  multiplying  the  soil  resistance  values  on  the 
single-pile  p-y  curves  by  the  Pmu^t  factor  at  each  depth  considered. 
Several  p-y  curves  computed  by  this  method  are  given  in  Figs.  9.14  and 
9.15.  These  curves  generally  indicate  somewhat  conservative  pred¬ 
ictions  of  soil  resistance,  particularly  for  cyclic  loading. 

Presented  in  Figs.  9.16  through  9.21  are  load-deflection  and 
load-moment  predictions  for  the  Houston  test  for  cycles  1  and  100. 
The  proposed  method  is  seen  to  be  slightly  conservative  in  the  predic¬ 
tion  of  deflection,  maximum  moment,  and  depth  to  maximum  moment  for 
cycle  1  conditions,  and  somewhat  more  conservative  for  cycle  100  con¬ 
ditions.  Presented  in  Fig.  9.22  are  comparisons  of  predicted  and  mea¬ 
sured  behavior  under  cyclic  loading,  normalized  by  the  cycle  1 
response.  Also  shown  in  that  figure  are  predictions  using  the 
Bogard-Matlock  procedure  discussed  in  Chapter  8.  It  should  be 
recalled  that  cyclic  response  predictions  with  that  procedure  were 
close  to  measured  values,  although  static  response  was  quite  conserva¬ 
tive.  Concern  was  expressed  that  the  use  of  static  response  pred¬ 
ictions  as  a  basis  for  cyclic  response  predictions  could  lead  to 
unconservative  design  for  cyclic  loading.  This  unconservatism  in 
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cyclic  response  prediction  was  due  largely  to  the  use  of  a  residual 
soil  resistance  equal  to  that  of  the  single  pile.  Figure  9.22  illus¬ 
trates  the  static  to  cyclic  comparison  and  reveals  the  ratios  of 
cyclic  to  static  deflections  and  maximum  moments  to  be  very  similar 
for  the  single  pile  and  the  average  group  pile.  The  proposed  method 
overpredicts  these  ratios  slightly,  while  the  Bogard-Matl ock.  procedure 
underpredicts  the  ratios. 

In  summary,  it  appears  that  for  the  Houston  site,  the  proposed 
design  method  is  somewhat  conservative  with  respect  to  measured 
response  of  parameters  important  to  design.  This  conservatism  does 
not  appear  excessive,  considering  the  uncertainties  regarding  the  many 
factors  that  appear  to  affect  the  results.  The  method  is  only  very 
slightly  conservative  for  static  loading,  but  more  so  for  cyclic  load¬ 
ing;  much  greater  uncertainty  is  involved  in  predicting  cyclic 
response,  so  some  conservatism  is  perhaps  desirable.  No  prediction  is 
made  regarding  distribution  of  loads  and  stresses  to  the  piles  in  the 
group  as  distinguished  from  the  average  pile;  an  increase  of  about  20% 
might  be  suggested  for  maximum  bending  moment  in  any  pile  for  groups 
having  a  fairly  regular  pile  spacing.  Prudent  engineering  judgement 
on  the  part  of  the  designer  is  certainly  needed.  It  is  important  to 
note  that  the  errors  in  design  for  a  similar  situation  would  be 
expected  to  be  larger  because  of  additional  error  in  predicting  the 
response  of  a  sinqle  pile.  The  ultimate  soil  resistance  in  the  exam¬ 
ple  given  was  "calibrated"  to  the  single-pile-test  results  to  separate 
group  effects  from  other  uncertainties. 


One  might  expect  the  proposed  method  to  predict  group  response 
for  the  Houston  site  since  the  measurements  of  the  Houston  test  were 
used  as  the  basis  for  examining  existing  methods.  The  following  para¬ 
graphs  present  the  results  of  analyses  of  the  test  at  Harvey,  Louisia¬ 
na,  a  test  with  different  loading  conditions  and  quite  different  soil. 

HARVEY  TEST 

The  Harvey,  Louisiana  experiment  conducted  by  Matlock  et  al 
(1980)  has  been  briefly  described  in  Chapter  5.  This  experiment  con¬ 
sisted  of  static  and  cycl ic-1 ateral -load  tests  on  groups  of  1,  5,  and 
10  piles.  The  piles  were  6.625  inches  in  diameter  and  installed  in  a 
circular  arrangement  in  soft  clay.  In  their  analyses  of  the  test 
results,  Bogard  and  Matlock  (1983)  established  a  fit  to  the  single 
pile  results  using  a  modification  of  current  API  (1979)  recommen¬ 
dations  for  p-y  curves  In  soft  clay. 

The  proposed  design  method  has  been  used  to  analyze  the  Harvey 
test  results  using  two  different  criteria  for  computing  the  ultimate 
soil  resistance,  p^.  The  first  consists  of  the  relationship  proposed 
by  Bogard  and  Matlock  (1983)  in  their  analysis  and  called  SO  in  this 
discussion.  The  second  uses  the  relationship  of  the  Unified  Method  as 
described  by  Reese  (1984).  In  the  first  method, 


where  J  is  an  empirical  constant  taken  as  equal  to  0.25  for  this  site 
and  other  terms  are  as  defined  previously.  The  second  criterion, 
called  ST  in  subsequent  discussion,  uses  Eq.  9.1.  Both  procedures 


limit  to  a  maximum  value  as  defined  by  Eq .  9.3.  The  variation  in 
soil  resistance  as  a  function  of  deflection  (the  p-y  curve)  was  com¬ 
puted  using  the  API  recommendations  for  either  case  of  computing  p  . 

Load  vs.  deflection  predictions  for  the  static  tests  at  the 
Harvey  site  are  presented  in  Figs.  9.23  and  9.24.  The  proposed  design 
method  is  seen  to  provide  a  much  better  prediction  of  group  behavior 
using  the  ST  criteria  for  p  despite  the  fact  that  either  the  ST  or 
SO  procedure  yields  reasonable  predictions  for  the  single  pile. 
Response  of  the  group  piles  predicted  using  a  large  imaginary  pile  are 
quite  sensitive  to  the  distribution  of  pu  with  depth. 

Bending  moment  vs.  depth  predictions  for  stati c-1 oad  condi - 
tions  are  presented  in  Fig.  9.25.  Again,  better  predictions  are 
obtained  for  the  proposed  method  using  the  ST  criteria.  Bending-mo¬ 
ment  predictions  are  somewhat  less  sensitive  to  variations  in  soil 
resistance  than  are  deflections,  and  reasonable  predictions  are 
obtained  using  either  the  SO  or  ST  procedure. 

For  cyclic  loading,  Bogard  and  Matlock  use  a  peak  cyclic  soil 
resistance  of  0.34  times  the  ultimate  static  soil  resistance,  rather 
than  the  value  of  0.72  suggested  in  the  API  recommendations  (1979)  and 
by  Matlock  (1970).  The  modification  of  existing  procedures  for  con¬ 
structing  p-y  curves  was  made  to  produce  agreement  with  the  results  of 
the  single-pile  test  using  cyclic  loading.  The  same  modification  was 
used  in  constructing  p-y  curves  for  cyclic  loading  in  this  analysis. 

Shown  in  Figs.  9.26  through  9.28  are  load-deflection  and 
moment  vs.  depth  predictions  for  cyclic  loading  at  the  Harvey  test 
site.  The  proposed  design  procedure  is  seen  to  overpredict  deflection 
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and  maximum  moments  for  the  groups  under  cyclic  loading  for  both  the 
SO  and  ST  criteria.  Because  the  predictions  of  static  response  were 
relatively  good,  it  must  be  concluded  that  the  proposed  method  over¬ 
predicts  the  effect  of  cyclic  loading  on  soil  response  for  the  condi¬ 
tions  of  the  Harvey  test  site,  but  generally  no  worse  so  than  the  SO 
method . 

An  examination  of  the  differences  between  the  Harvey  site  and 
the  Houston  site  might  provide  some  insight. 

1.  The  soils  at  the  Harvey  site  had  much  lower  undrained 

shear  strengths  than  the  soils  at  the  Houston  site.  They 
were  probably  also  more  sensitive,  suggesting  that  soil 
properties  at  the  Harvey  site  were  altered  more  by  pile 
i nserti on . 

2.  The  piles  at  the  Harvey  site  had  significant  rotational 
restraint  at  the  loading  points,  whereas  the  piles  at  the 
Houston  site  did  not. 

3.  The  combination  of  factors  (1)  and  (2)  would  tend  to  make 

the  group  response  at  the  Harvey  site  less  sensitive  to 

the  near-surface  soils,  relative  to  the  Houston  test  con¬ 
ditions.  Load  transfer  and  maximum  positive  bending 

moments  are  deeper  and  less  likely  influenced  by  surface 
effects  with  decreasing  soil  stiffness  and  pilehead  rota¬ 
tion. 

4.  Drainage  during  cyclic  loading  may  be  a  more  significant 
factor  in  a  stiff  fissured  clay  like  that  in  Houston,  in 
that  substantially  more  drainage  may  occur  around  a  single 


*n  mj-,  KJT.Mju*nmr. itr  v* n^T^X^^jnC^XT  VW'l 


pile  during  cyclic  loading  than  around  a  relatively  much 
larger  group.  A  relatively  larger  pore  pressure  buildup 
during  cyclic  loading  might  thus  occur  for  a  group  of 
piles  relative  to  a  single  pile,  resulting  in  a  relatively 
lower  shear  strength.  Differences  in  drainage  between 
single  and  group  piles  in  the  soft  clay  at  the  Harvey  test 
site  might  be  less  significant  relative  to  those  differ¬ 
ences  at  the  Houston  test. 

Bogard  and  Matlock  observed  that  the  behavior  of  the  5-pile  group  dur¬ 
ing  cyclic  loading  was  very  similar  to  that  of  5  individual  piles, 
with  group  effects  being  relatively  small.  The  observed  group  effects 
during  cyclic  loading  of  the  10-pile  group  were  attributed  to  forma¬ 
tion  of  a  single  large  gap  around  the  entire  group. 

SUMMARY 

A  procedure  for  use  in  analyzing  pile  groups  subjected  to  lat¬ 
eral  loading  has  been  proposed.  When  used  with  the  p-y  criteria 
described  in  this  report,  the  procedure  was  seen  to  provide  reasonable 
agreement  for  the  group  in  stiff  clay  and  for  static  loading  of  the 
group  in  soft  clay.  The  proposed  method  was  somewhat  conservative  for 
cyclic  loading  of  the  group  in  soft  clay.  Owing  to  the  large  uncer¬ 
tainty  in  predicting  soil  response  to  single  piles  subjected  to  lat¬ 
eral  loading,  the  proposed  method  for  pile  groups  emphasizes 
simplicity  and  utilizes  existing  design  methodology  to  a  great  extent. 
This  procedure  is  not  offered  as  a  rigorous  analytical  model,  but 
rather  as  an  inter'm  procedure  correlated  with  experimental  data  which 


CHAPTER  10 


SUMMARY 

This  chapter  concludes  the  report  with  a  brief  summary  of  the 
findings  of  the  investigation.  The  report  began  with  a  review  of 
important  concepts  currently  used  in  the  design  of  piles  and  pile 
groups  for  lateral  loading,  followed  by  a  description  of  the  major 
experiment  performed  as  a  part  of  this  study.  The  report  concludes 
with  an  evaluation  of  existing  design  methods  in  light  of  the  exper¬ 
imental  evidence  that  was  obtained. 

Most  design  procedures  that  are  widely  used  to  make  pred¬ 
ictions  of  the  response  of  single  piles  to  lateral  loading  were  seen 
to  be  based  upon  correlations  of  undrained-shear  strength  with  soil 
resistance  using  a  Winkler  soil  model  and  the  results  of  several  major 
field  experiments.  Although  the  procedures  are  well  established, 
these  methods  contain  a  considerable  degree  of  empiricism  and  are 
based  upon  relatively  limited  data,  particularly  in  the  case  of  cyclic 
1 oadi ng . 

Installation  of  piles  may  have  a  significant  influence  upon 
soil  behavior;  because  soil  resistance  is  correlated  to  soil  proper¬ 
ties  measured  prior  to  pile  installation,  such  an  influence  is 
accounted  for  only  indirectly  in  the  empirical  correlations.  No  such 
correlations  exist  for  pile  groups,  and  the  influence  of  pile  instal- 


curves.  Maximum  soil  resistance  is  taken  as  that  of  a  large  "imagi¬ 
nary"  pile  which  encompasses  the  pile  group.  Confidence  in  any  of 
these  methods  is  limited  due  to  the  difficulty  in  properly  accounting 
for  cyclic  loading  and  due  to  the  relative  dearth  of  experimental  evi- 


1.  The  deflection  under  load  of  the  piles  in  the  group  is 
significantly  greater  than  that  of  a  single  pile  under  a 
load  equal  to  the  average  load  per  pile. 

2.  The  bending  moments  in  the  piles  in  the  group  are  larger 
and  the  depth  to  maximum  moments  are  shifted  deeper  than 
for  a  single  pile. 

3.  The  maximum  soil  resistance  for  the  piles  in  the  group  is 
greatly  reduced  compared  to  that  for  the  single  pile,  and 
this  reduction  is  more  significant  with  increasing  depth. 

4.  The  soil  resistance  after  cyclic  loading  at  constant 
pile-head  deflection  was  significantly  reduced  for  the 
group  piles  relative  to  the  single  pile. 

5.  The  greatest  portion  of  the  load  on  the  group  was  distrib¬ 
uted  to  the  piles  in  the  front  row,  with  less  load  to  mid¬ 
dle  row,  and  least  to  the  back.  row.  Variation  of  load  in 
the  piles  in  the  group  was  generally  20%  or  less  about  the 
average,  and  the  variation  of  maximum  bending  moments  was 
somewhat  less  than  20%. 

Comparison  of  the  measured  results  with  predictions  from  the 
various  analytical  models  indicated  that  the  pi le-soi 1-pi le  inter¬ 
action  was  highly  nonlinear;  this  behavior  was  not  predicted  by  elas¬ 
ticity-based  approaches.  Elasticity-based  methods  significantly 
underpredi cted  the  deflections,  moments,  and  depths  to  maximum  moment 
at  loads  exceeding  small  values.  The  distribution  of  loads  to  the 
piles  did  not  resemble  that  predicted  by  any  elasticity-based 
approach.  The  method  proposed  by  Bogard  and  Matlock  (which  is  not 
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based  on  elasticity  concepts),  when  used  with  load-transfer  functions 
adjusted  to  match  the  single-pile  results,  came  closest  to  predicting 
the  average  group  response.  The  key  factor  in  the  Bogard-Mat! ock 
approach  was  the  fact  that  a  rational  means  of  reducing  the  ultimate 
soil  resistance  for  group  effects  was  provided.  The  method  is  not 

general  in  that  it  offers  no  means  of  considering  the  effects  of  dif¬ 

fering  pile-group  geometry.  The  method  is  an  attempt  to  preaict  the 
response  of  an  "average"  pile  in  the  group.  It  is  also  extremely  sen¬ 
sitive  to  the  relationship  of  ultimate  soil  resistance  with  depth. 
The  8ogard-Matlock  procedure  seemed  to  predict  the  group  behavior  dur¬ 
ing  cyclic  loading  fairly  well,  but  the  agreement  was  seen  to  be  due 

in  large  part  to  the  overprediction  of  static  deflections  and  moments. 
When  normalized  to  the  static  response,  the  Bogard-Matl ock  procedure 
underpredi cted  cyclic  deflections  and  moments.  It  appears  that  some 
means  of  accounting  for  loss  of  soil  resistance  to  values  less  than 
tnat  of  the  single-pile  values  is  needed. 

In  considering  the  problem  of  design  of  pile  groups  for  lat¬ 
eral  loading,  several  points  are  important. 

1.  Considerable  scatter  in  measured  values  of  undrained  shear 
strength  often  exist,  allowing  for  a  broad  range  of  inter- 
pretati on . 

2.  A  wide  variety  of  correlations  between  undrained  shear 
strength  and  maximum  load  transfer  under  static  loading 
have  been  proposed. 
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3.  The  range  of  predictions  of  soil  resistance  for  cycl’c 
loading  is  even  greater  than  the  range  of  predictions 


between  undrained  shear  strength  and  maximum  load  transfer 
for  static  loading. 

4.  The  three  factors  above  make  pred;ctiori  of  s ’  r  g '  e~r  •'  ’  e 
response  so  uncertain  that  complicated  analytical  proce¬ 
dures  for  predicting  group  response  do  not  seem  warranted. 

A  design  method  is  proposed  which  consists  of  a  relatively  simple  com¬ 
putation  to  produce  a  "p-multipl  ier,"  or  a  reduction  factor  for  soil 
resistance.  The  multiplier  varies  with  depth  and  is  used  to  modify 
load  transfer  curves  for  both  static  and  cyclic  loading.  The  proce¬ 
dure  is  shown  to  be  slightly  conservative  in  predicting  the  response 
of  the  Houston  piles  and  somewhat  more  so  in  predicting  the  response 
of  the  Harvey  piles  (Matlock  et  al  ,  1980).  The  procedure  is  not 
offered  as  a  rigorous  analytical  model,  but  rather  as  an  interim  pro¬ 
cedure  for  use  until  a  better  understanding  and/or  more  experimental 
data  are  achieved. 

The  preceding  paragraph  provides  an  indication  of  research 
needs.  More  experimental  evidence  is  needed  to  provide  a  basis  for 
further  analytical  study.  The  ability  to  predict  the  response  of  pile 
groups  to  lateral  loading  is  also  hindered  by  the  inability  to  charac¬ 
terize  a  site  and  to  predict  the  response  of  single  piles  to  :ate<ul 
loading.  Undrai ned-triaxial  and  vane-shear  tests  are  typically  used 
to  predict  soil  response;  improvement  in  these  predictions  is  needed. 
The  effects  of  pile  installation  on  soil  properties  and  on  the  state 
of  stress  in  the  soil  around  the  piles  is  a  subject  of  research  inter¬ 
est  for  axially  loaded  piles  and  could  be  useful  for  the  problem  of 
laterally  loaded  piles  as  well.  The  behavior  of  piles  due  to  cyclic 


APPENDIX  A 

PROPOSED  DESIGN  METHOD  FOR  GROUPS  OF  PILES  IN  CLAY 
SUBJECTED  TO  LATERAL  LOADING 


The  following  method  is  proposed  for  the  analysis  of  groups  of 
regularly-spaced  piles  of  approximately  equal  diameter  and  stiffness 
subjected  to  lateral  loadings  in  clay  soils. 

1.  Compute  a  set  of  p-y  curves  for  a  single  pile  using  judge¬ 
ment  as  to  the  best  available  p-y  criteria  for  the  site. 
In  the  absence  of  experimental  results  for  the  site  in 
question,  the  "Unified  Method"  (as  described  by  Reese, 
1984)  is  recommended. 

2.  Using  the  same  p-y  criteria  from  step  1,  compute  a  limit¬ 
ing  soil  resistance  for  the  average  pile  in  the  group  as 
fol 1 ows : 

a)  Compute  the  maximum  soil  resistance  (Pu^)  of  a  large 
imaginary  pile.  For  square  or  circular  pile  group 
configurations,  a  large  imaginary  pile  having  a  cir¬ 
cumference  equal  to  the  perimeter  of  the  group  is  sug¬ 
gested.  For  other  arrangements  (such  as  rectangular 
configurations)  judgement  must  be  exercised. 

b)  Compute  the  limiting  soil  resistance  for  an  average 
pile  in  the  group  using  the  relationship: 

1 

P  =  -  P  ■ 
ug  n  ui 

where:  p  =  ultimate  soil  resistance  of  the  average 
pile  in  the  group , 

p  .  =  ultimate  soil  resistance  of  the  large 
imaginary  pile,  and 


n  =  number  of  piles  in  the  group. 
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3.  Compute  a  p-mul  ti  pi  ier ,  p  ^  by: 


pmult  ^ug^usp* 


pmuU  i  ‘'° 


where:  p  =  ultimate  soil  resistance  of  a  single  pile, 
US^  computed  in  step  1. 


Note  that  the  term  p^  which  is  used  in  the  Unified  Method 


does  not  enter  into  calculations  of  p  ,  ■  p  w  is  based 

rmult  mult 


entirely  upon  computations  of  p^  for  the  single  and  large 


imaginary  piles. 

Adjust  the  single-pile  p-y  curves  for  group  effects  by 


multiplying  each  value  of  soil  resistance  by  .  This 


procedure  is  used  for  both  static  and  cyclic  p-y  curves. 
Analyze  the  behavior  of  the  group  in  terms  of  an  "average 
pile"  with  the  average  pile  p-y  curves  generated  in  step  5 
and  in  terms  of  an  average  load  per  pile.  Analyses  are 
performed  using  a  finite-difference  technique  such  as  used 
in  the  computer  code  C0M622  (Reese,  1977). 

Design  the  piles  of  the  group  to  accommodate  some  range  in 
stresses  about  those  computed  for  the  "average  pile"  in 
step  6.  Experimenta 1  results  from  regularly  spaced  square 
and  rectangular  groups  suggest  a  deviation  of  less  than 
20%  about  the  average  at  loads  approaching  failure. 
Judgement  should  be  exercised  for  groups  which  are  not  so 
evenly  spaced  or  which  have  piles  of  unequal  stiffness. 
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EXAMPLE 


For  a  3  x  3  group  of  12-in.  diameter  steel  pipe  piles  spaced  3 
ft  on-center,  compute  p-y  curves  for  the  average  group  pile  at  the  4 


ft  depth  using  the  following: 

shear  strength  at  the  4  ft  depth:  Su  =  6.0  Ib/sq  in. 
average  shear  strength  to  a  depth  of  4  ft:  S  =  5.0  lb/sq 

Ud 


depth :  x  =  4  f t  =  48  i n . 

effective  overburden  stress  at  the  4  ft  depth:  =  1.6 

lb/sq  in. 

1.  p  calculated  from  the  minimum 
usp  _ 


2  +  +  0.833  t-  S  b  =  339  lb/in. 

Sua  b/  ua 


■  (3  *  °-5  t)v>  ■  360 

use  p  =  339  Ib/in. 
usp 

Using  e^q  =  1%,  A  =  1.0,  F  =  0.8,  generate  curves  shown  in 
Fig.  A . 1 . 

2.  Circumference  of  imaginary  pile  =  4  x  7  ft  =  28  ft 
Diameter  of  imaginary  pile,  b.  =  28/tt  =  8.91  ft 


107  in. 


p  .  calculated  from  minimum  of: 
Kui 


P  .  =  (2  *  +  0.833  r-  )S  b.  =  1441  lb/ in. 

ui  \  S  b.  /  ua  l 

\  ua  i  / 


p  .  -  3  r  0.5  T5-  j  S  b.  =  2070  lb/in. 

ui  b.  '  u  i 


use  p 


L  44 1  lb/in. 


P| 
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»_  *  w 
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w 

y.v.v 
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Limiting  soil  resistance  for  average  g^cup  pile,  p  ^  from: 

j  g 

p  =  -  p  .  =  4  (1441)  *  160  lc/i". 

Kug  n  Kui  9 

p-multipl ier,  p^^  from; 

p  .  =  p  /p  =  160/339  -  0.47 

Kmu1t  Kug  Kusp 

Average  group  pile  p-y  curve  computed  Dy  multiplying  sin¬ 
gle-pile  p-values  by  Pmj^t  to  obtain  curves  shown  on  fig. 
A.  1. 

Using  this  curve  and  others  generated  similarly,  use 
C0M622  to  compute  deflections,  moments,  and  stress  for 
average  group  pile. 

Size  piles  to  accommodate  allowable  stresses  equal  to 


those  computed  in  step  6,  plus  an  additional  20V  If 
stiffness  (El)  of  piles  is  different  from  that  assumed  in 
step  6,  repeat  step  6.  If  the  pile  diameter  is  different 
from  that  assumed  in  step  1,  repeat  steps  1-7. 


a 

^1  • 

9 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Ml 

X 

■aj 

-J  4 

m 

in 

03 

r- 

fNJ 

•H 

a) 

CM 

a 

<i  m 

r- 

r*- 

03 

n 

4 

ro 

H 

• 

G- 

c  : 

a. 

O 

• 

•• 

v/> 

•  • 

1 

X 

L  • 

« 

• 

• 

• 

• 

• 

• 

• 

• 

• 

. 

► 

V*J 

h- 

X  -vj 

4 

x 

X 

O 

OJ 

4* 

vO 

■4 

%.M 

X 

-i 

z 

-J 

CL 

'/) 

a 

O  -» 

vM 

rO 

4 

X 

r- 

X 

O' 

H 

r) 

m 

M 

U- 

UJ 

Lo 

H 

H 

r  * 

U 

■4J 

-1 

a 

*—* 

<T 

ft 

o 

1 

-oust on  _p  I  l  :  gr:jp  study 

FTf  LD  OAT  A  r*0M  L  A  T  ;  AL  LJAu  TfST  Lf- 


CD 


<r 

on 


¥ 

¥  ¥  ¥ 


cr 
( T 
2 


». » 
(.9 
t.  / 
^1 


t*  rr  s  ^  h  n  h  <r  vf>  vP 
->  vA®ff'5v®'P  OK>^J 


U>  •  ••••999999 

J  an  *-«  ♦  r  >  '0  ^  ti  -Ji  t-j 

H  W  in  N  (t  Cf)  K  s  m  ^ 

a 


S  ^  rn 

o  M  r* 


*0  (t  CM 

vp  T* 

•  H  • 

rj  <M 
O 


Ui 

• 

9 

9 

• 

9 

9 

9 

9 

9 

9 

9 

•K. 

T 

9*. 

_l 

in 

*0 

tO 

m 

cr 

o 

K-l 

tn 

CM 

o 

ro 

\D 

*~4 

X 

'0 

O' 

r> 

<Ts 

x 

vP 

& 

IO 

H 

9 

9 

a. 

•H 

T 

'  > 

rj 

i.i 

• 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

1 

rr 

HO 

_i 

CO 

rj 

in 

•I-) 

iT» 

C- 

ro 

t 

vl' 

0 

o 

o 

c  Si 

■t 

H 

CD 

n- 

cr 

so 

O 

ao 

•0 

kD 

to 

H 

9 

rA 

9 

C/> 

a 

H 

CJ 

m 

00 

c> 

_J 

cl 

9 

O 

> .  1 

M 

1 

CL 

CJ 

*: 

l~. 

• 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

■  C 

«r> 

m 

1  « 

1 

•  n 

M 

0 

'  4 

t 

Kt 

im 

o 

in  in 

H 

* 

n 

V 

n 

T 

W 

u. 

40 

T3 

■o 

•TD 

At 

n 

H 

9 

r-4 

9 

a 

a. 

CD 

CM 

•» 

o 

O 

-J 

_l 

M 

9 

-J 

i 

1. » 

» 

Ul 

• 

9 

9 

9 

9 

• 

9 

9 

9 

9 

9 

r*- 

rO 

CT> 

cj 

-J 

V) 

-i 

O' 

%  -> 

r- 

K) 

O') 

<T 

in 

*— 4 

At 

H 

K> 

u 

i  J 

JO 

►  -4 

k— 

»  4 

Ul 

a0 

<X) 

O' 

CG' 

r*» 

i n 

At 

9 

r< 

9 

r  > 

a 

-  * 

CL 

. 

s  J 

C- 

j 

u. 

X 

9 

_j 

o 

"J 

i 

X 

u» 

• 

9 

9 

9 

• 

9 

9 

9 

9 

9 

9 

a 

J 

jr 

_J 

O' 

<J 

x 

At 

cc 

—4 

0 

-n 

m 

*“) 

•O 

o 

►  A 

— ) 

•/? 

o') 

us 

► A 

n 

o' 

~  ) 

(T 

cr 

r> 

ir» 

K> 

r4 

9 

—4 

9 

m 

T/l 

u 

l.l 

n 

-4 

K-l 

T 

T 

M 

r '» 

Ztl 

n 

CJ 

CJ 

n 

9 

J 

r~) 

z 

i 

O 

cr 

i  -a 

»  « 

u> 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

r^- 

PC 

*  1 

U. 

U_ 

ir> 

_l 

K) 

<t 

vU 

cm 

O' 

CM 

<t 

-t- 

vfl 

n- 

KS 

o 

rH 

•-A 

vO 

H 

cj 

r- 

O' 

CJ 

»j 

oo 

P- 

in 

K) 

H 

9 

H 

9 

ITS 

CTs 

vP 

cm 

a. 

—4 

(  i 

t-n 

<t 

ct 

h- 

•—4 

.*  ■> 

• 

• 

an 

ac 

9 

>0 

n- 

o 

o 

1 

AW 

CJ 

# 

• 

w 

• 

• 

• 

9 

9 

9 

9 

9 

9 

9 

9 

<i 

-J 

c  . 

At 

cr 

LJ 

to 

a! 

-r 

* 

if  1 

>J 

•  4 

s.3 

k\l 

•T 

•  1  4 

CO 

n- 

rr • 

fT' 

a> 

n  ■ 

s/1 

At 

Ki 

w4 

9 

»A 

9 

V£. 

S£vw 

•Q.\s 

•KP* 


If-  II  II  II  II 


cj  fO 
O 


•  » 

-1 

--J 

i 

rl 

Z5 

Ll, 

U- 

u  • 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

X 

n 

-3 

'J 

_J  fO 

O 

fO 

CM 

CM 

n«* 

CM 

At 

n- 

rj 

o 

H 

O' 

.'t' 

_T 

ro 

*— 4  'J3 

X 

ac 

<X) 

.0 

t 

»o 

H 

i 

9 

*4 

9 

9 

■  D 

(L 

J 

CM 

9 

c  > 

•1- 

a. 

J 

o 

*x 

< 

a 

9 

. ' ) 

o 

CJ 

m 

CP 

4 

*♦ 

t 

J 

X 

Uj  9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

'  J 

t— 

.s.1 

o 

-1 

O 

K 

t— 

X  <M 

At 

s0 

ao 

Q 

CM 

vO 

At 

CM 

X 

-> 

-j 

Q. 

o 

< 

u 

< 

m 

uO 

CL 

CJ  r-4 

ro 

s0 

r^- 

X 

O' 

H 

fO 

a  > 

•—« 

a. 

o 

<* 

o 

>- 

< 

*4 

-J 

-z 

•H 

r-4 

H 

O 

•41 

f  J 

-J 

l  J 

1 

i  .  . 

.1 

n 

M 

<1 

n 

ro 

oo 

-J 

rfiUSTCN  P 1 1 _ SR3JP  STUDY 

F.LJ  [)A T  4  FROM  LATERAL  LOAU  TF  ST  3F  HAY  17*  1984 


<r 

X 

t  > 

ro 

• 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

r-4 

vf 

*■■4 

o 

nO 

PO 

N- 

■ft 

CO 

♦O 

^4 

<r  rr 

CM 

r*  1 

«r 

i.i 

no 

•—4 

CM 

r\i 

—4 

rr 

u 

in 

rg  • 

1 

• 

• 

X 

<JS 

<* 

1 

r-4 

r4 

H 

•-4 

1 

1 

1 

i 

1 

o 

NO 

►— 

cn 

Ui 

L-4 

t  J 

I 

1 

• 

i 

r  i 

1 

ft' 

-J 

• 

o 

u 

ll’ 

• 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

NO 

<~J 

h- 

n 

u 

X 

-J 

-J 

no 

*•4 

'  3 

r- 

r-4 

r-4 

00 

vr 

—1  T 

r-4 

iO 

no 

K4 

♦-4 

*-«  K 

O 

CM 

•-4 

f : 

.*3 

•0 

<t 

CJ  1 

I 

• 

r4 

• 

a 

Q. 

l 

H 

H 

^4 

1 

i 

I 

1 

o 

*r\ 

1 

i 

i 

I 

1 

o 

1 

ui 

• 

• 

« 

« 

• 

• 

• 

• 

• 

• 

• 

«  4 

.  4 

vO 

.j 

ON 

co 

to 

m 

cr 

NO 

r-4 

*n 

T> 

r-4 

r-4 

N- 

Ol 

fc~4 

X 

CD 

H 

»o 

eg 

C7N 

r- 

IP 

v  J 

1 

1 

• 

r4 

• 

a. 

1 

r<4 

r-4 

^4 

r-4 

1 

1 

> 

» 

1 

O 

KN 

1 

1 

1 

l 

o 

• 

1 

..  i 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

an 

. — 4 

-J 

i—4 

m 

<* 

ON 

r- 

eg 

S) 

*  4 

NO 

r-4 

/J 

U0 

►  4 

o 

o> 

O 

H 

m 

i-4 

O' 

h* 

in 

C* 

»-4 

i 

• 

t4 

• 

00 

CL 

i 

H 

•4 

H 

r-4 

1 

i 

i 

1 

1 

1 

NO 

-J 

00 

1 

i 

1 

1 

\j 

i 

-J 

CL 

• 

CO 

•J 

*-4 

Q_ 

u 

y: 

J 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

p— 

O' 

M 

• 

j 

-n 

r 

M 

m 

r- 

TV 

r 

r-4 

N-< 

r  4 

p— 

■n 

* 

n 

X 

»-4 

IL 

'Ti 

'3 

i-4 

—4 

n 

'•g 

r-4 

i 

• 

r4 

• 

-X 

o 

0. 

i 

r4 

w~A 

r4 

H 

-4 

| 

i 

i 

• 

1 

e- 

NO 

'.0 

z 

) 

t 

| 

i 

i 

r— » 

1 

_l 

_l 

• 

-J 

i.J 

UI 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

r-4 

IM 

<3 

/3 

-1 

<J 

ao 

0 

Vj 

gj 

rj 

a 

o 

rg 

rO 

r  4 

iD 

i-4 

•"4 

»~4 

1 

c> 

-4 

.4 

r- 

‘■/J 

r0 

•-4 

1 

• 

.  4 

9 

r> 

n 

ft- 

—4 

■"4 

•-4 

0-4 

-4 

i 

t 

1 

1 

1 

t 

%  ■ 

-f 

.1 

1 

1 

1 

1 

1 

CD 

1 

o 

ll. 

L 

• 

-j 

o 

.1 

tr 

i_ 

UJ 

♦ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

9 

r  4 

1 

e 

T 

-1 

m 

iP 

•o 

cr 

ip 

pj 

r-4 

<r 

CD 

CD 

*-4 

ip 

ID 

M 

~D 

co 

«/> 

to 

>— « 

n  nr 

CD 

r4 

r-4 

CD 

cr 

lP 

CM 

• 

i 

• 

r-4 

• 

no 

fft 

UI 

III 

Z 

ft 

1 

*4 

*4 

^4 

r-4 

i 

i 

• 

i 

1 

NO 

T 

X 

L4 

1 

• 

1 

• 

r~» 

1 

X 

1 

CJ 

r> 

• 

o 

«n 

z 

z 

nr 

a: 

M 

L4 

UJ 

UJ 

• 

• 

• 

• 

• 

9 

• 

• 

• 

• 

• 

—4 

r-0 

u) 

u. 

u. 

X 

_l 

M) 

a. 

CJ 

IT 

eg 

r- 

no 

r4 

o 

4- 

CM 

i—4 

0 

r- 

X 

>  4 

CJ 

0L 

K) 

r- 

JO 

eg 

1 

9 

r-4 

• 

m 

<■  > 

Ml 

r— 

a. 

1 

H 

»-4 

r4 

-4 

• 

1 

i 

• 

r™» 

r- 1 

in 

n 

m 

1 

1 

1 

1 

1 

rD 

t 

• 

• 

r  4 

n 

• 

~D 

no 

H 

H 

K) 

K> 

• 

• 

-j 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

u  ) 

C 

in 

1 

i 

1 

1 

_j 

i  ■) 

L  J 

n 

*  * 

<T 

»  D 

T 

r-^ 

r- 

.  j 

*-4 

rj 

r  * 

»o 

rO 

4 

(7N 

r-- 

-f 

«*\i 

1 

• 

,4 

• 

a_ 

H 

H 

H 

r-4 

r-4 

1 

1 

1 

i 

1 

1 

o 

IP 

II 

ii 

II 

II 

i 

i 

i 

r 

I 

o 

I 

o 

• 

O 

Q. 

-J 

-1 

CNJ 

rs 

u. 

U. 

44- 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

ui 

H 

o 

aJ 

L-J 

-J 

h- 

ip 

CJ 

3j 

CJ 

h- 

ao 

<r 

r- 

NO 

H 

N- 

m0 

iT 

a 

n 

r-4 

h- 

CD 

r  4 

H 

w> 

a 

c» 

-g 

i 

• 

• 

r-4 

• 

• 

a 

ft 

■ 

H 

«~4 

H 

rR 

i 

i 

1 

i 

1 

(  i 

r») 

• 

3 

a. 

a. 

1 

i 

1 

i 

•-D 

1 

o 

Z 

Z 

< 

a 

• 

o 

o 

CJ 

» 

cO 

•  • 

i  >  . 

X 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

nD 

N- 

U> 

o  -J 

o 

t- 

H* 

►- 

X 

CM 

v0 

cc 

o 

eg 

<r 

v£> 

4- 

lM 

-j 

-J 

0- 

n 

< 

U 

< 

CO 

to 

a. 

o 

H 

CNJ 

to 

■4- 

sO 

X 

r-4 

NO 

ip 

U4 

Ll 

w' 

<z 

CJ 

>• 

o 

< 

UJ 

LI 

z 

r-4 

•-4 

r-4 

o 

i__ 

-J 

.  J 

o 

-J 

UJ 

3 

ro 

M 

(V. 

CD 

(.n 

_j 

329 


vV„v 

va-;a 


V  /•  .  »  .  •  - 


•.y. 

SfciS 


2W5S& 


&&S, 

Ws^l 

s'VVJ 


SssssSsi 


v-  s> 

<••-  -Vy  J 


,-  vv  v 
\  •>>'.* 
■  .y>'./3 
-•y.v '.*J 

■Vwl 

vCv.v.vJ 


•.'WS. 


J»C 


••a 

iV 


•ft 

•!hi 


96 


'*  cn  m  ►-  on  m 
vf)  rr  ^  its  cn 


-‘H  m  fT»  rr  01 
I  ^  try  ^4 


_J  —4<*-cniO,^H>rTsfT'r->CTSH') 
MH^NflOCOQONirrOOJ 

a. 


LP  <-> 
*->!*“*#—* 


K  H  o 
n  '5  n 
•  — «  • 

TJ  *0 
C“* 


»  * 

UJ 

• 

• 

•  • 

• 

• 

• 

• 

• 

• 

• 

K. 

m 

X) 

r«-  * 

-J 

r** 

in 

O  CM 

® 

ni 

m 

in 

0 

CM 

o 

<#■ 

vn 

•-4  * 

M 

r 

vD 

rr* 

*-•  o 

ao 

h- 

m 

m 

4-4 

• 

*— 4 

• 

« 

a. 

r-4  «-4 

O 

CM 

V-  « 

f— 

<r  « 

• 

r  « 

1 

« 

UJ 

• 

• 

•  • 

• 

• 

• 

• 

• 

• 

• 

an 

in 

>- 

U.  * 

-J 

r*- 

fO 

r- 

ao 

t7N 

CO 

iM 

o 

fO 

O 

n 

o  * 

♦-4 

UJ 

r-- 

O' 

CT>  H 

CJs 

m 

rO 

»-4 

• 

H 

• 

* 

CL 

O 

ro 

►- 

h-  * 

_j 

00 

o 

'n 

( / )  * 

Q. 

• 

UJ  * 

c/> 

UJ 

— 1 

1 

Q_ 

►—  * 

o 

*  UJ 

• 

• 

•  • 

• 

• 

• 

• 

• 

• 

• 

N- 

K) 

O 

3 

« 

*  -« 

1  -I 

o 

O  CO  CD 

r-J 

n 

r 

4-4 

•  O 

4—4 

i  t 

o  * 

o 

r  •-> 

u. 

\C 

ro 

S\  <JD 

s0 

m 

H 

• 

4-4 

• 

ar 

•r*  * 

"t 

U  0- 

O 

K> 

'3 

o  * 

» 

c  > 

O 

-J  « 

-j 

J 

V4 

• 

ui 

« 

.j 

i 

-I 

-1  * 

l.l 

♦  Ui 

9 

• 

•  • 

• 

• 

• 

9 

• 

• 

• 

fO 

O 

V  4 

<x  * 

o 

_  i 

t/1  -J 

(J> 

U  ON 

<D 

JN 

ON 

U) 

in 

CM 

KJ 

C3 

m 

O' 

Oi 

ni  * 

►-4 

1—  »-« 

UJ 

'X 

ITS  (T> 

iJN 

h- 

a) 

<t 

Ui 

*— 4 

« 

•*4 

• 

ui  * 

r— . 

n 

2  IV 

/-> 

<\J 

*-  * 

< 

t 

CD 

<1  * 

O 

u> 

• 

♦— 

_J  * 

-J 

•_3 

o 

• 

cO 

« 

X  UJ 

• 

• 

•  • 

• 

• 

• 

9 

• 

• 

• 

sD 

O' 

M 

3 

x  « 

L*> 

X 

-1 

UJ 

in 

C4  v.' 

CM 

IT) 

D 

CT 

O' 

or 

<r 

J 

m 

O 

o 

o  * 

>-4 

"3 

<n 

tn 

C9  »-4 

rj 

ns 

co  a 

a> 

r*- 

to 

K) 

• 

4-4 

• 

X 

ry  • 

pr 

f/i 

UI 

UI 

^  a. 

^4  ^4 

O 

K> 

U_  « 

T 

X 

fc-  4 

CD 

« 

X 

X 

O 

u 

a 

• 

<f  * 

O 

•  _) 

X- 

-Z 

T 

1 

f—  * 

rr 

rr 

►  -• 

Lu  U< 

• 

• 

9  9 

• 

• 

• 

• 

• 

• 

9 

r- 

rO 

4-4 

<t  * 

Li_ 

u_ 

CO  _l 

iO 

r- 

H  O 

CO 

O' 

o 

o 

O' 

CT> 

in 

O 

ro 

4™4 

O  * 

fO 

<"D 

M 

CJ 

O' 

r- 1  4-4 

O' 

r* 

»—4 

• 

4-1 

• 

« 

CT' 

v/> 

It 

a 

r—4  ^—4 

o 

HD 

n  « 

K- 

p' 

m 

CD 

_j  * 

• 

• 

J' 

i 

• 

1X4  ♦ 

i/1 

o 

'  j 

1 

4-4  * 

VNj 

i\l 

• 

9 

ui 

• 

• 

•  • 

• 

• 

• 

• 

• 

• 

• 

CM 

CT> 

u  * 

-j 

K; 

r- 

i»)  r- 

ao 

K) 

sO 

o 

O'  in 

CO 

“i 

m 

O 

« 

»  -4 

m 

0 

a 

,T>  ?T 

Cfl 

in 

—4 

• 

^-4 

• 

* 

a. 

K) 

« 

«  « 

o  it 

it 

II 

It 

o 

li- 

It. 

UI  • 

• 

• 

• 

• 

• 

# 

• 

• 

9 

4 

co 

ta 

<Ts 

H 

_*.i 

L-J 

_l  O' 

ao 

® 

o 

^4 

H 

♦ 

CO 

GO 

O' 

H 

o 

m 

\D 

O 

o 

m  «r  in 

ao 

<r 

00 

m 

*o 

4-4 

1 

• 

4-4 

9 

• 

'/) 

lL 

CD 

CM 

• 

o 

J- 

a. 

CD 

o 

z 

<t 

<t 

O 

• 

J 

t  ) 

cn 

•  • 

1 

UJ 

X 

U-  • 

• 

• 

9 

• 

• 

• 

• 

• 

• 

• 

O 

H 

UJ 

a 

_i 

Q 

t— 

H 

K— 

X  CNJ 

UJ 

ac 

o 

CM 

4- 

UJ 

<r 

CJ 

v0 

_i 

-J 

a. 

o 

-x 

o 

l/T 

oO 

0. 

U  f-4 

CSJ 

ro 

♦ 

UJ 

r- 

CO 

O' 

H 

m 

m 

4-4 

u_ 

u 

< 

o 

>- 

o 

uJ 

ij 

^■4 

r4 

4-4 

►- 

c.' 

’Jj 

_i 

c> 

_j 

U 

_J 

Ui 

a 

O 

►-4 

tf 

n 

n 

<n 

-1 

HOUiT-N  PIL£  GSjUP  STUDY 
FIFlD  DATA  f  T  OM  lATLhAL  uOAJ  TF^T  OF 


♦  ^ 

♦  rf> 

♦  cr 

4»  *-4 

« 

4  •> 

♦ 

*  fH 

* 


<1 

X 


* 

41  « 


<r 

X 

f  > 

o 

• 

9 

• 

• 

• 

• 

• 

• 

• 

* 

• 

o 

■  n 

F— 

X 

T9 

w1  4 

■cf 

in 

^n 

H 

f*- 

vO 

*4 

.or 

_4 

»4 

,-t 

FO 

1.1 

m 

!■* 

»-4 

r*^ 

(Tv 

'P 

It 

r\i 

i 

1 

• 

.  >4 

• 

ca 

<r 

l 

H 

r-4 

«H 

«-4 

I 

t 

1 

1 

1 

t-1 

FO 

’  1 

*-« 

■j 

i 

i 

I 

i 

C' 

1 

-j 

• 

u 

• 

• 

• 

• 

• 

• 

• 

• 

9 

9 

• 

CM 

ro 

X 

n 

IL 

PO 

— j 

_i 

H 

CM 

nj 

(T' 

»o 

m 

rj 

OJ 

(X 

H 

p4 

•o 

fO 

*-« 

♦-4 

*-4 

T- 

(Tv 

H 

o 

O' 

'0 

H 

i 

1 

• 

• 

0. 

X 

i 

• 

•H 

r4 

i 

• 

I 

i 

i 

1 

3 

FO 

1 

1 

CJ 

• 

1 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

n 

F^- 

_J 

H 

CM 

(Tv 

FO 

H 

'O 

v0 

H 

H 

H 

in 

o 

M 

X 

00 

CM 

(M 

♦H 

CT 

X 

♦ 

CM 

1 

1 

• 

H 

• 

IX 

1 

H 

r-4 

t 

1 

1 

1 

1 

r  . 

TO 

1 

1 

1 

1 

<  i 

• 

1 

UJ 

9 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

«"> 

Ol 

FO 

_ j 

fO 

CJ 

TO 

J 

o 

X) 

FO 

o 

rO 

H 

J) 

►-4 

o 

CO 

o 

O 

CM 

H 

x> 

p^- 

<T 

CM 

H 

| 

• 

H 

• 

TO 

CL 

1 

*-4 

H 

H 

H 

1 

« 

1 

1 

i 

i 

CJ 

*o 

-J 

00 

1 

i 

i 

1 

O 

1 

-1 

0. 

• 

'... 

*-4 

X 

u 

U1 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O 

•—4 

0 

• 

1 

_l 

H 

H 

r^- 

<  ' 

T 

T 

*  4 

'  J 

«~4 

•r ' 

y: 

o 

r 

F-4 

IL 

rr 

r.> 

•  > 

L' 

r-~ 

,n 

c  4 

*-4 

1 

• 

4 

• 

u 

X 

i 

■  -4 

H 

H 

H 

1 

i 

1 

1 

i 

.  1 

ro 

•» 

o 

-» 

1 

i 

i 

i 

i 

O 

i 

_j 

M 

• 

-i 

•j 

i*  i 

9 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O 

•—4 

in 

u 

_j 

(/) 

—1 

in 

H 

ro 

•U 

j' 

T) 

W-J 

r- 

♦-*4 

•*o 

H 

Ui 

X) 

►-« 

•  1 

O' 

*■4 

r4 

<  J 

X) 

Ml 

.n 

l  VJ 

H 

1 

• 

r4 

• 

rj 

fL 

CL 

• 

*-« 

1 

1 

i 

i 

• 

1 

/  i 

FO 

«x 

1 

1 

1 

1 

o 

• 

J 

u. 

i' 

• 

J 

O 

0 

X 

UJ 

• 

• 

• 

• 

• 

• 

♦ 

• 

• 

• 

• 

O 

r  • 

Li 

o 

j: 

.j 

m 

•o 

h- 

in 

9-i 

X 

■0 

■D 

H 

o 

H 

ro 

H 

►•1 

"3 

CO 

CO 

►  4 

o 

00 

(T 

r-> 

m 

o 

CO 

vO 

CM 

■ 

1 

• 

H 

• 

m 

CO 

Ui 

UI 

CL 

1 

• 

•* 

w4 

1 

1 

1 

• 

1 

ro 

X 

X 

*-4 

1 

1 

1 

i  > 

« 

7. 

X 

u 

o 

o 

• 

o 

9 

-  • 

Of 

a: 

*  • 

l.. 

w 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

C> 

LA- 

u. 

CO 

—1 

00 

**4 

CO 

<»• 

H 

CO 

■X 

ro 

CM 

r4 

•H 

in 

H 

>-4 

o 

r- 

to 

TO 

O' 

H 

1 

• 

•  H 

• 

H 

n 

CL 

l 

9-4 

•H 

^•4 

*-4 

1 

i 

1 

1 

1 

f  > 

K'l 

rO 

FO 

lO 

1 

1 

1 

1 

i 

1 

9 

• 

r  j 

Ci 

• 

fO 

H 

«-4 

lO 

fO 

• 

• 

u 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O' 

ro 

1 

1 

1 

I 

-J 

fO 

i\J 

.0 

r  4 

>r 

n 

«-4 

(S' 

ro 

O 

■J 

*“4 

X 

X 

rvj 

OJ 

t\A 

O 

0D 

vD 

-4 

1 

i 

• 

<  4 

• 

a 

1 

H 

H 

H 

*-4 

| 

i 

1 

1 

1 

r  > 

U 

II 

II 

M 

II 

t 

1 

) 

i 

1 

• 

f  i 

CL 

-J 

-J 

CM  ^ 

U- 

u. 

• 

• 

• 

• 

• 

* 

• 

• 

• 

• 

• 

!  > 

C 3s 

r4 

H 

o 

-u 

-j 

r- 

m 

<-> 

GO 

X 

s0 

ro 

UJ 

CM 

xO 

rO 

r-4 

CM 

vx: 

o 

a 

*  4 

<1 

-0 

a 

C_> 

O 

O' 

f© 

r 

Cj 

1 

i 

• 

rH 

• 

• 

X 

I 

i 

r4 

H 

1 

1 

« 

1 

1 

1 

4  1 

ro 

• 

O 

a- 

a. 

i 

i 

«J 

1 

o 

/ 

«* 

a 

• 

•» 

V-' 

o 

CJ 

9 

00 

< 

•  • 

X 

• 

• 

t 

• 

• 

• 

• 

• 

• 

• 

• 

o 

►- 

ui 

Q 

o 

i- 

►- 

*- 

X 

<■1 

«r 

^0 

X 

CJ 

lM 

* 

o 

CM 

X3 

-j 

z 

-J 

CL 

Q 

«* 

O 

< 

•n 

Li 

Q. 

o 

r~4 

CM  K1 

* 

CO 

O' 

H 

K1 

iO 

H4 

IL 

o 

< 

o 

>■ 

LJ 

Li 

H 

H 

<r+ 

o 

jJ 

-J 

O 

-J 

CJ 

— J 

i  i 

a 

Q 

fc-4 

<a 

n 

(J 

l/l 

_J 

331 


i  nirM  wu  wwnuoiHVjrvjrk  wvituf'-*  «n*  irw  mi 


<r  x  <  ) 


CO  niM^lOin^H^nCO 
*5*  ^  ^  r>  o  K  vO  #  ai 


O  LI  ^ 


O  U_  ctf 


-J  rsiooio^r^flrio^fNj 
M  H  >0  Mr  ^  ®  N  <n  ♦  (M 

a 


Ui  •  •  • 

-J  CVJO^ 

►-«  X  h*  o 
d  H  H 


O  'fl  ^  ^  ^  v0 
H  O'  S  U)  »0  H 


Q  O  ft 

>-i 

3  ft 

00 

Q. 

t-  ►-  ft 

_J 

-0 

(/)  cO  ft 

-1 

a. 

Ui  ft 

CO 

VI 

<-» 

CL  »-  « 

O- 

o 

*  ai 

“D  ft 

•  -< 

i  j 

n  Q  ft 

o 

T  ^4 

<r  <  ft 

<* 

<  j  a. 

«o  o  ft 

o 

z 

-i  ft 

-1 

i  « 

_J 

-i  -i  * 

l 

l.l 

•  Ui 

*-•  «t  ft 

. ) 

J 

</)  _4 

a,  nr  « 

►—  *-4 

UJ  ft 

rO 

n 

-*  a. 

Z  v-  ft 

Ml 

a  <  ♦ 

J 

LU 

X 

►-  -j  ft 

.J 

r  > 

o 

to  ft 

X  UJ 

^  X  ft 

«J5 

X 

_l 

"J  O  ft 

M 

~> 

<o 

</) 

'5  *-M 

X.  rr  • 

,T> 

<o 

UI 

ui 

:*■  a. 

u  ft 

T* 

X. 

M 

« 

X 

X 

u 

o 

n 

<  ft 

,  -* 

o 

r* 

X 

►-  ft 

■ » 

<r 

»— « 

uj  Ul 

<  « 

>L 

u. 

•a  _» 

O  ft 

cr 

K) 

M 

ft 

m 

OsJ 

r- 

tO 

a. 

n  « 

•*■ 

C\J 

m 

lO 

-4  ft 

• 

• 

cr 

an 

-J  ft 

f- 

OJ 

n 

o 

»~4  ft 

o| 

CsJ 

• 

• 

ui 

U.  ft 

_i 

« 

ft 

u. 

ft  «  ft 

O  H 

II 

II 

ii 

®  <*  4> 

O  — * 


O  K) 
O 

• 

« 

oo  i?\  o 


o  ^ 
o 
• 

I 

cr  *o  to 
o  in  co 

•  *■•  • 
O  OJ 
O 

ft 

I 

cr>  ♦  iM 

o  ^  in 

•  -*  • 

Q  ro 


N  (T  h 

r  '  H  'O 

Q  K> 
C? 

ft 

I 

<xj  ^ 

u  ^  u 

ft  ^  ft 

r,  PO 

Q 

ft 

I 

r  *•  <-> 

O  ♦  H 
ft  H  ft 

r-%  tO 
n 


j\  h-  CO 
o  n  CJ 

*  H  • 

o  to 


«  H  ^ 
C,  *  cm 

•  •HI 

*-#  fO 


r-l 

3 

u. 

U. 

wJ  • 

ft 

• 

• 

ft 

ft 

• 

ft 

ft 

• 

ft 

00 

J 

H 

o 

•J 

mJ 

-J 

•-# 

K) 

f*» 

CO 

co 

H 

<r 

O' 

CM 

a 

♦ 

rt 

CO 

CO 

-M  <  £* 

CO 

(Ji 

<r 

00 

r- 

vU 

• 

• 

r-« 

• 

O 

a. 

Lj 

• 

o 

CL 

a_ 

o 

z 

<* 

a 

ft 

/* 

CO 

( J 

o 

m 

00 

•  • 

| 

a 

u 

X 

u.  • 

ft 

• 

ft 

• 

ft 

ft 

ft 

ft 

ft 

• 

o 

o 

>- 

►- 

X  «M 

U) 

C0 

o 

(V 

4T 

\0 

•r 

<M 

Vfi 

-i 

2 

a 

o 

< 

<S) 

a. 

O  *H 

vN  K1 

+ 

\o 

r* 

CO 

O' 

K) 

If) 

1-^ 

u. 

o 

o 

>- 

c* 

■x 

■j 

u 

2 

*-» 

H 

1- 

O 

■  J 

-J 

-J 

CJ 

_  J 

. .  1 

X 

Q 

LL 

Q 

CO 

vS‘|> 

m 


HOUSTuN  PIL.T  SRuJP  STUDY 

FILL3  DATA  F1JM  LAT£RA-  LOAD  Tt'ST  OF  MAY  17,  1984 


IBS® 


7* 

—4 

■H- 

r- 

& 

0 

n 

T*  J 

nr 

r : 

p- 

ir. 

TO 

l.l 

'f' 

r-' 

-4 

w  ■  J 

O 

'T' 

•  n 

a- 

r  • 

» 

• 

• 

•  i 

• 

'A 

*r 

1 

H 

p-4 

pH 

r4 

1 

1 

l 

1 

i 

TO 

'3 

V 

M 

l  J 

i 

i 

1 

I 

o 

I 

3 

• 

IU 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

H 

in 

in 

Cl 

U. 

no 

3 

3 

—4 

OJ 

n 

Cl 

TO 

CVJ 

<M 

rr 

rr 

O] 

H 

K> 

TO 

*H 

M 

1  -4 

h- 

rr 

*-♦ 

rH 

CT' 

D 

H 

1 

1 

» 

pH 

• 

CL 

a. 

1 

i 

H 

i 

1 

1 

i 

1 

i 

o 

TO 

i 

1 

CJ 

• 

1 

UJ 

t 

• 

• 

• 

• 

♦ 

• 

• 

• 

• 

• 

r 

Vp 

to 

3 

O 

H 

'n 

OJ 

O 

o 

'0 

tO 

*H 

H 

in 

rr 

M 

X 

ao 

pH 

OJ 

<M 

H 

vO 

i 

1 

• 

pH 

• 

a. 

1 

H 

r4 

r-4 

1 

1 

I 

| 

1 

f  3 

'  i 

1 

1 

• 

1 

• 

i 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

C  » 

n 

-i 

c 

ro 

H 

CT' 

O' 

rO 

pH 

T 

r-4 

pH 

<r 

pH 

►H 

o 

7— 

CT' 

o 

»-4 

H 

CO 

r- 

LO 

Vi 

pH 

1 

• 

rH 

• 

</) 

fL 

1 

1 

H 

H 

H 

1 

i 

1 

1 

i 

1 

«*J 

TO 

3 

(0 

i 

1 

i 

CJ 

i 

3 

CL 

• 

v> 

3J 

»— « 

Q_ 

o 

* 

i  1  » 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CT' 

re 

•*  4 

1 

3 

'«» 

t 

.  i 

pH 

•  O 

r*\ 

K"' 

41 

''  i 

TO 

■j 

1 

o 

X 

w« 

U- 

X 

7) 

V"' 

.H 

, 

O' 

LO 

U 

pH 

• 

• 

pH 

• 

<t 

a 

fL 

1 

H 

p4 

»H 

H 

1 

i 

i 

1 

1 

1 

<— * 

ro 

•> 

n 

77 

i 

i 

i 

i 

o 

1 

-J 

-i 

M 

• 

-J 

. 1 

•> 

ui 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

O 

*  J 

o 

-J 

to 

3 

o- 

OJ 

in 

3 

•  J 

r- 

M 

r  i 

rH 

►4 

►- 

»-H 

.1 

o' 

—4 

H 

CJ 

t3 

00 

o 

U> 

vVj 

•~4 

1 

• 

pH 

• 

o 

a 

..  * 

a 

i 

•—4 

-4 

•■•4 

1 

1 

1 

1 

1 

1 

t  s 

<r 

til 

1 

i 

• 

i 

O 

1 

•- j 

u. 

3l 

• 

.j 

o 

-  M 

7H 

Uj 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

— j 

r  • 

r^ 

o 

x 

3 

—4 

an 

ao 

•o 

'0 

TO 

IT 

p-4 

r- 

o 

•H 

pH 

M 

3 

</> 

o> 

M 

r> 

CO 

rr. 

r*- 

r> 

C* 

an 

vT» 

rj 

i 

1 

• 

pH 

• 

m 

"1 

t.i 

l.l 

A- 

• 

i 

pH 

«-* 

i 

• 

1 

• 

1 

o 

TO 

X 

T* 

»-H 

1 

1 

• 

• 

r 

X. 

u 

u 

n 

• 

o 

o 

J 

7T 

«£ 

rc 

rr' 

H 

1  4 

i.;  lu 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

r  . 

X) 

a 

U- 

u_ 

3 

-1 

O' 

CM 

CsJ 

TO 

CT- 

X) 

ID 

r- 

TO 

p  4 

pH 

<t 

f  J 

in 

v3 

•H 

o 

r* 

pH 

K) 

fO 

H 

■3 

r-4 

1 

• 

r  4 

• 

or 

CD 

vT) 

rr 

a 

i 

'»H 

pH 

r-M 

« 

1 

1 

1 

1 

r  » 

K1 

m 

tM 

r- 

1 

1 

1 

1 

•  1 

1 

• 

• 

<  - 

• 

rO 

o 

H 

O 

*> 

K) 

• 

• 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CO 

•D 

3 

1 

1 

t 

I 

-J 

«*• 

fO 

3 

r-4 

J' 

CT 

r- 

CD 

V  J 

O 

u 

H 

»  -4 

n 

cr 

c\J 

OJ 

—4 

r  > 

iT> 

lO 

TO 

.-4 

1 

1 

• 

pH 

• 

CL 

i 

rH 

pH 

pH 

H 

| 

1 

| 

l 

i 

o 

rO 

o 

ii 

M 

ii 

II 

i 

1 

i 

i 

o 

1 

eg 

• 

o 

Q. 

-1 

-J 

CM 

3 

U- 

u. 

«.  t 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O' 

rO 

XI 

H 

a 

uJ 

3 

r- 

ro 

•J 

n- 

in 

a  j 

CNi 

in 

ro 

>0 

fO 

CJ 

3 

CNJ 

JC 

n 

a 

»  4 

■o 

V- 

C J 

u 

T' 

Uj 

<0 

* 

i\j 

• 

1 

• 

pH 

• 

• 

3 

a. 

1 

1 

»-4 

i 

i 

1 

1 

1 

1 

C^j 

TO 

• 

o 

a. 

a. 

1 

i 

U 

1 

) 

Z 

< 

< 

L_) 

• 

« — 

o 

CJ 

O 

m 

c/> 

4 

•  • 

.4.1 

X 

. , 

• 

• 

• 

• 

• 

• 

9 

• 

• 

• 

• 

; 

a 

3 

Q 

►- 

h- 

h- 

X 

CM 

<r 

HJ 

3 

o 

CJ 

+ 

'0 

eg 

sU 

-J 

3 

a. 

a 

< 

o 

< 

«■) 

CL 

o 

pH 

Ovi 

m 

4t- 

sX) 

r- 

CO 

O' 

H 

TO 

T  4 

U- 

3 

o 

a 

«* 

-J 

UJ 

«r 

H 

rH 

^4 

o 

LU 

'  j 

-J 

CJ 

.  1 

1 

n 

»  4 

•I 

a 

n 

i  '1 

wiO 


_  ,v.\ 

7^  ■  u  ». 


sasaftasisfai^^ 


H.'USTCN  PIlL  GROUP  STUDY 

FIfLD  DATA  -COM  LATERAL  LOAD  TEST  OF  MAY  17*  1934 


o  o 

Z  l* 
Ul  ^ 
td 

H  UJ 

_i 


UJ  UJ  ••••••••••• 

_l  —i  'JJKt,-«^,4*vD/-^\B*0(CCM 

1-4  MH'flCOoff'0'a!l*»*N 

0.  0.  r-< 


HT^*«a<M(MOflD  -0  ♦  r-4 

Q.  H  H  —4  *4 


_ I  ®afflNo(Tff''Jiw®o 

Hl3KOQ(MHOOJ)*(M 

Q.  H  i4  H  H 


t)  <J 

CL  O 

*  tO 

*  -4 

1  _J 

o 

X  -4 

<T 

O  Ql 

»  o 

2 

-J  -J 

»-4 

-J 

l  1  <»• 

•  1.1 

U  — i 

Crt  _l 

►-4 

>-4 

r>  n 

z  a 

< 

t»i 

O  LL. 

X 

_l  O 

o 

X  UJ 

C?  7" 

-J 

(/) 

Cl 

•3  1-4 

OPL  .  A 

UJ 

UJ 

2  0 

T’ 

X 

M 

r  r 

U 

o 

o 

o  o 

«rT 

z 

z 

•r  cn 

*  -« 

♦—4 

Ul  UJ 

U_  IL. 

CO  _j 

c  J 

ID 

►H 

i\i  CM 

in 

an 

a. 

X  CM 

<  M 

r- 

•  • 

O 

■JO 

ac  o 

H 

o 

cm  rO 

• 

• 

UJ 

-1 

a. 

'J 

l»  II 

II 

M 

in 

o 

a. 

—J 

.J 

o 

u. 

u_ 

Ul 

H 

o 

uJ 

UJ 

-J 

.r 

o 

o 

H4 

• 

CD 

CL 

• 

o 

CL 

a. 

o 

z 

5T 

< 

< 

'  J 

O 

CJ 

*.  l/> 

X  UJ 

a 

_j 

O 

1— 

K- 

t~  I 

«< 

a 

< 

jO 

01 

a.  u 

>- 

o 

«* 

UJ 

uJ  z 

-1 

( i 

— J 

i*l 

1 

O  »-4 

tT)  (NJ  ro  <\J  K1  <M  ♦  O  ro  CM 


•♦^O'tf'oanCNooio 


rjion^NiT'Jirttncito 


t  l/Mfl  J1  J1  J  1/1  J  K)  N  H 


K)r~cM43aoooaDflo»o<Mo 


HNntf^ihooo'H'oin 


rfO  'll 

n  in  K) 

•  —4  • 

*0 

o 

• 

O'  s  o 

t  H  • 

O  fO 
o 

• 

( 

o  *-i  oc 

H  N  O 

•  H  • 

O  K5 

t  *% 

• 

^  an  ft' 

O  ID  v£ 

•  H  • 

O  K} 
O 

• 

I 

CD  CO  N 
O  ^  tfl 

•  • 

n  K> 
a 

• 

O' 

oihk) 

•  *H  • 

o  K"l 
O 

• 

I 

co  r'i  s0 

o  in  cm 

•  H  • 


O  CD  O' 

—«  in 


O'  K>  vO 

o  t/>  tn 

•  H  • 

O  r7 
o 

• 

I 

O'  M  O 
O  IT)  O' 

•  rH  • 

O  CM 
O 

• 

M  I 

-i  JO.  o 
Nit  O  < 
O  U  Jj 

rt.  a  <a 


mm 


Houston  pile  srdjp  study 

FIELD  DATA  FVj“  lateral  uOAD  T c! ST  Zf  HAY  17.  1934 


o  M  II  II  II 

n 

..a.  _i  _J 

oj  3  u.  u. 

*-«  O  lu  aJ 

CL  Q  O 

»  O 

•  o  a.  a. 

o  »_•  z  <  < 

,*  o  o  u 

Q  J  D  H-  ►- 

<  (J  4  VI  00 

Q^O  _l 

1  <  \  i  111  1 


• 

vfl 

•  • 

• 

p^. 

• 

IP 

• 

• 

cp 

• 

O 

• 

T> 

• 

r- 

• 

CM 

r- 

m  0 

0 

<T> 

CD 

ID 

1 

1 

1 

•  H 

H 

• 

1 

I 

1 

1 

1 

1 

• 

fO 

•  • 

if)  X 

• 

• 

c- 

• 

<“> 

• 

v0 

• 

P*- 

• 

K- 

• 

• 

H 

\c 

00  0 

ru 

O' 

in 

PO 

H 

1 

1 

• 

1  H 

1 

1 

1 

1 

1 

1 

• 

• 

-n 

•  • 

90  (T 

• 

CM 

• 

0 

• 

^4 

• 

fp 

• 

CJ 

• 

X 

• 

vP 

• 

O  H 

H 

0 

CD 

IP 

«■ 

H 

1 

I 

1 

•H  *H 

w4 

( 

f 

1 

1 

1  t 

1 

• 

• 

t  • 

CM  ^ 

• 

00 

• 

m 

• 

<M 

• 

X 

• 

% 

* 

• 

H 

• 

vO 

ao  Vs 

O 

0 

X 

X 

<r 

CM 

H 

1 

1 

1  1 

H 

H 

1 

1 

1 

1 

1 

1 

1 

• 

h- 

•  • 

<r  r* 

• 

-4 

• 

m 

• 

TN 

• 

• 

n 

• 

H 

• 

"T* 

• 

m 

CT>  CT> 

O 

cr 

cr 

X 

r  J 

t 

l 

1 

•  1 

1 

1 

1 

1 

1 

• 

fO 

•  • 

X  O 

• 

rO 

• 

X 

• 

O' 

• 

(P 

• 

m 

• 

• 

H 

• 

K> 

CT' 

CJ  *“« 

H 

O' 

r- 

u ) 

CM 

r-4 

1 

• 

«-4  —4 

— « 

1 

• 

1 

• 

• 

1 

1  • 

1 

« 

•  • 

90  04 

• 

O 

• 

*0 

• 

00 

• 

M) 

• 

O' 

• 

cc 

• 

vO 

• 

r4 

K- 

CP  r-» 

r-> 

CP 

c- 

ID 

90 

H 

1 

1 

1 

l 

1 

1 

1 

1 

t 

l 

• 

• 

CO 

•  • 

f*-  vD 

• 

r4 

• 

X 

• 

• 

CT 

• 

• 

m 

• 

CM 

• 

CM 

O  CM 

■M 

0 

ao 

IT) 

rO 

r-4 

1 

• 

H  ^4 

r  4 

1 

I 

1 

1 

1  1 

1 

1 

• 

•-4 

t  • 

vi/  h* 

• 

• 

H 

• 

*•*) 

• 

h) 

• 

f\J 

• 

M- 

• 

0 

• 

.T\ 

-4  —4 

0 

-7N 

r- 

in 

m 

-4 

1 

1 

t 

H  H 

^4 

1 

| 

1 

1 

1 

1  1 

1 

• 

fO 

v  • 

h*  CM 

• 

00 

• 

>0 

• 

M3 

• 

• 

ao 

• 

CO 

• 

to 

• 

CM 

VJ 3 

ao  cr 

O' 

CO 

P- 

m 

to 

H 

1 

1 

1 

1  1 

1 

1 

1 

1 

1 

1 

• 

CM 

t  • 

«r  a) 

• 

CO 

• 

O 

• 

CM 

• 

• 

X 

• 

• 

CM 

• 

X 

H 

OJ  K) 

«■ 

\D 

P-* 

co 

O' 

H 

rO 

m 

H 

r-4 

H 

rr\  rrs  ^ 
o  ki  ^ 

•  • 

I  r->  fO 

O  I 
• 

H  D  'il 

H  OJ  O 

•  .-4  • 

I  O  ^ 

O  I 

• 

C'  --4  & 

o  ^  ^ 

•  r-4  • 

I  -J  OJ 

o  | 


J>  Lp  O 

o  *">  .0 

•  *H  • 

I  OJ 

J  I 


co  00  ^ 

•  4"  r* 

•  r-4  • 

I  (-3  K> 

O  I 
• 

ON  vfl 
u  fO  ^ 

•  <~4  • 

I 

o  I 


ONoN 
O  ^  (T 
«  *~4  • 

I  ai 
r>  I 


<r  *o  7s 

D  ^  H 
•  • 

I  »  I  'O 

r  .  I 


N-  l p  N 
t-*  fO 


I  _>  IO 

I 


MOl 

o  in  h 

•  rl  • 

I  CO  ro 

_>  I 

a  • 

■»*  •• 

■-1  1“ 

-I  c  J  Ll  Q 

*-<  a.  O  •< 

H  O  U  J  O 

o  Q.  O  <0  _l 


»-.v 
fi&Sy 


.vvv.v- 


H'.'UST  <A  P I  l  £  GR  .  UP  STUDY 

-  T  E  L  0  DATA  -ROM  LATERAL  LOAD  T  t.ST  OF  MAY  17.  1984 


r>  u.  ® 


0.  »-«**CMfMCMCMCM** 


HX'-OKiN-flc<a\C<M^<r^»H 
0.  -«'M<\IC\l<MfMrO»-l 


»~<i50'in®cMi-jin^o  ucr<f»-« 

Q_  H(MN^>OM(VH 


o 

• 

rr  rj  K) 
rj  r-  ^ 

•  x  • 

r-J  vO 

o 

• 

I 

^  n  ♦ 

CJ  K>  *0 

•  <r  • 

o  ® 

• 

^  mm 

cm  <t 

•  <r  • 

o  ao 


(X 

►-  « 

fL 

o 

UC 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

ro 

• 

vO 

— > 

« 

1  ( 

1 

3 

m 

r4 

ro 

r-4 

r* 

rO 

*0 

C) 

' "» 

O  « 

Ml 

o 

X 

M 

U- 

r- 

IO 

in 

h- 

sjj  <r 

o 

in 

O' 

<r 

^-4 

• 

or 

<  « 

* 

o 

Ol 

h4 

rsi 

CM 

CM 

CM  CM 

CM 

~4 

O 

o  * 

» 

-J  « 

.  J 

• 

* 

_J 

_j 

-J  « 

|  | 

,| 

ItJ 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

(T> 

• 

H 

<t  * 

<_) 

_ 1 

CO 

-1 

H 

rO 

CM 

m  vO 

O' 

*-4  in 

CM 

cu 

(X  « 

*“« 

r- 

H 

UJ 

CO 

CO 

in 

h4 

o 

in 

«-4 

• 

.  1  « 

n 

a 

a. 

-u 

Cv# 

CM 

K> 

CO  CM 

CM 

»*4 

~-4 

z 

►-  * 

-i 

UJ 

J 

<t  * 

o 

u. 

X 

J  « 

— J 

o 

o 

NO 

(/) 

« 

>4. 

UJ 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

• 

3 

a:  « 

O 

j: 

CO 

♦ 

a 

in  ao 

ao 

O' 

CM  CM 

in 

<M 

O 

o  « 

H-4 

3 

tn 

C/> 

CO 

►-4 

n 

tr> 

CO 

o 

ff»  iD 

H 

vO 

O' 

4f- 

H 

• 

T 

« 

m 

fr> 

i*  t 

l.l 

z 

a. 

CM 

CM 

CM 

CM  CM 

CM 

u  * 

*r 

X 

k  4 

« 

X 

X 

o 

u 

a 

<  • 

o 

o 

2 

H-  « 

a 

X 

I  -4 

»-4 

u; 

UJ 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

• 

ON 

<t  « 

u. 

lL 

C0 

3 

o 

H 

O 

in 

m  O' 

ffl 

ro 

CM 

CM 

o  « 

CM 

a 

H 

u 

o 

r- 

CM 

rO 

CM  * 

<r 

ao 

O' 

♦ 

H 

• 

• 

n 

m 

r- 

r\l 

a- 

r\J 

cm 

fO 

ro 

ro  cm 

CM 

<3  * 

» i 

GTi 

r> 

rO 

_i  it 

• 

• 

J> 

<r 

J  « 

m 

•13 

CM 

CM 

»-•  * 

>0 

• 

• 

UJ 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

• 

cr 

-j 

CM 

(T 

ro 

CM 

r-  ro 

ro 

cn 

K) 

CM 

a  > 

IM 

HU 

cc 

OP 

in 

O' 

J>  */] 

n 

JfJ 

ro 

• 

« 

a. 

r-4 

CM 

CM 

m 

CM  cm 

CM 

H 

# 

*  * 

ii 

II 

M 

II 

o 

«n  CL 

—J 

3 

-i  3 

u. 

iL 

uJ 

• 

• 

• 

• 

•  • 

• 

t 

• 

• 

• 

® 

co  a 

UJ 

3 

3 

P- 

CM 

m 

4T 

m  ♦ 

<Z) 

O' 

oO 

CM 

<x 

n 

a 

HH 

< 

IT) 

•H 

*• 

00 

n-  in 

H 

» 

4* 

H 

• 

•  o 

0- 

•H 

CM 

CM 

CM 

CM  CM 

CM 

•-4 

•  o 

O  it  2 
2  C> 
UJ 

Q  _J  O 
<  U  « 
O  >-  O 
_!()_! 


>  M  ^ 

XuJ  •••♦•••••••O 

KX  oj*'JcOOfJ<r'0^1M’'i)J 

tL  <_) 

,J  2  H  H  H 

l~3  t->  «* 


2  J  CL  O 
t-«  U.  O  «t 

0  ^1  _J  w) 

a  n  in  j 


'S\V 

>  •  V 

w  -  Vv  . 

1*.  .V  w 

£\V\ 


.*  V  V 


rXw. 


,  wm  m  m 

s^aa&a^^sgjsaaaa^ 


HDusrcf.  f-jlC  fy<  jjp  study 

DATA  F^OM  lATE°AL  LOAD  TlST  GF  MAY  17t  1984 


,«>  ,  <  ,  i  i 


» 


<j>  sr 

3  </)  </i 
m  co  1.1  i.i 
T  T 
X  X  <J  U 

CJ  rj  .? 
5C  o;  m  m 

u.  u. 

r-  ko 

if)  N  n  m 
-*•  -X)  o  i*1 

•  •  .  * 

<M  K1  rO 


— 1  II  II  II  II 

o 

<3  CL  -1-1 

CM  3  Li.  a. 

eg  O  3  3 

<x  no 

•  o 

•  -J  a.  a 

O  /2  «*  < 

O  CJ  o 

cu 

O  _J  Q  H*  K 

<  U  <  V)  00 

O  >-  O  <3 

-10  3  >.  -1 


• 

oj 

• 

vO 

• 

xO 

• 

m 

• 

IP 

• 

Vi 

• 

• 

n 

• 

• 

fT' 

• 

an 

N- 

C« 

Lf> 

rr 

rr 

vO 

rJ 

vC 

p> 

KD 

I 

«-4 

OJ 

oj 

OJ 

oj 

CJ 

OJ 

H 

1 

1 

1 

i 

i 

i 

i 

1 

• 

• 

• 

• 

• 

• 

• 

03 

• 

in 

• 

TO 

• 

«#■ 

• 

HI 

• 

• 

m 

r- 

r-4 

r- 

p- 

O' 

o 

h-> 

o- 

rP 

i 

r-! 

OJ 

OJ 

OJ 

OJ 

<N 

OJ 

H 

1 

i 

1 

t 

1 

I 

1 

1 

1 

1 

• 

K- 

• 

‘f» 

• 

• 

h- 

• 

K> 

• 

CTN 

• 

• 

h>* 

• 

OJ 

• 

H 

• 

in 

a> 

r-> 

c> 

OJ 

.0 

GO 

K) 

i 

■  4 

<“J 

OJ 

fO 

K3 

OJ 

oj 

H 

1 

i 

9 

t 

i 

1 

1 

1 

1 

t 

• 

rO 

• 

CO 

• 

in 

• 

lO 

• 

P 

• 

00 

• 

(M 

• 

O 

• 

P- 

• 

K3 

• 

IT) 

CO 

fO 

lO 

in 

OJ 

cr 

O 

P 

rH 

H 

oj 

lM 

OJ 

OJ 

CJ 

H 

H 

i 

• 

i 

i 

1 

1 

1 

i 

1 

1 

• 

• 

IP 

• 

<Z) 

• 

KD 

• 

fO 

• 

vf 

• 

OJ 

• 

V) 

• 

J 

• 

• 

• 

ID 

r-4 

IP 

O' 

CO 

fT' 

K> 

C- 

> 

•r 

l 

H 

OJ 

<\l 

eg 

OJ 

OJ 

Oi 

H 

• 

l 

i 

1 

1 

• 

i 

1 

1 

i 

• 

cr> 

• 

■0 

• 

• 

cr 

• 

a 

• 

<r 

• 

lO 

• 

<r 

• 

GO 

• 

J3 

t 

CJ 

m 

•n 

(T' 

C't 

S 

ON 

0 

Tv 

<T 

•>4 

cj 

Cel 

<  J 

HI 

\  J 

*~4 

1 

1 

1 

1 

i 

• 

• 

i 

1 

l 

1 

• 

OJ 

• 

GO 

• 

GO 

• 

OJ 

• 

h- 

• 

oj 

• 

o 

• 

• 

xO 

• 

O 

• 

rw 

H 

<f 

VO 

<n 

H 

p- 

O' 

l 

«-4 

OJ 

OJ 

OJ 

OJ 

OJ 

OJ 

^4 

1 

1 

1 

1 

1 

1 

1 

i 

1 

1 

• 

‘M 

• 

IT. 

• 

CO 

• 

‘0 

• 

o 

• 

cc 

• 

O- 

• 

vO 

• 

CD 

• 

GO 

♦ 

r-4 

GO 

iT) 

L_J 

CJ 

OJ 

CO 

fO 

c- 

cc 

OJ 

H 

OJ 

K3 

*n 

m 

OJ 

i\J 

»--« 

1 

1 

1 

1 

1 

i 

i 

1 

1 

i 

• 

OJ 

• 

cr 

• 

• 

• 

03 

• 

t — 4 

• 

ar. 

• 

H 

• 

H 

• 

fO 

• 

m 

m 

m 

n 

or, 

*f> 

n 

cr 

<r 

•-« 

rH 

'M 

rO 

CM 

OJ 

H 

i 

1 

i 

i 

i 

i 

i 

i 

1 

1 

i 

• 

• 

o 

• 

OJ 

• 

OJ 

• 

H 

• 

wA 

• 

• 

O' 

• 

CM 

• 

o 

• 

GO 

<»■ 

o 

0  J 

tP 

K) 

<D 

to 

O' 

1 

H 

v'J 

OJ 

OJ 

A  J 

CJ 

H 

H 

1 

i 

i 

1 

1 

1 

1 

1 

1 

1 

• 

OJ 

• 

• 

sO 

• 

03 

• 

O 

t 

CJ 

• 

• 

0 

• 

♦ 

• 

CJ 

• 

sD 

*-4 

t'j 

K) 

♦ 

U) 

c- 

CD 

O' 

H 

fO 

IT) 

rH 

H 

& 


SSC! 


i 

1 


9 

s 

$ 


*T 

X 

( J 

r-> 

• 

•  • 

• 

• 

• 

• 

• 

• 

• 

9 

cr\ 

CJ 

ITS 

z 

rO 

rH  H 

O 

CM 

O' 

sO 

in 

in 

ro 

CJ 

GO 

fO 

1. 1 

in 

— «  m 

an 

c* 

vO 

•-J 

'O 

<r 

H 

• 

*o 

9 

X 

<3 

*x 

H 

IN  CM 

CM 

CM 

CSJ 

CJ 

rH 

n 

X 

UJ 

►  H 

U 

n 

rr 

3 

9 

r> 

1 

« 

* 

z 

1.1 

UI 

• 

•  9 

• 

• 

9 

• 

• 

9 

• 

9 

eo 

vO 

O' 

o 

ll 

X 

J 

3 

K> 

CM  (T* 

CJ 

CJ 

vO 

CM 

C- 

>0 

rH 

(Tv 

CJ 

*n 

X 

<r 

LH 

M 

LH 

CM 

CD  Csl 

m 

•o 

h- 

CM 

in 

O' 

in 

rH 

• 

o* 

9 

■ % ) 

Q. 

Q. 

rH 

r~i  <M 

CM 

CM 

CJ 

CM 

rH 

o 

in 

O' 

CJ) 

rH 

9 

| 

• 

UJ 

• 

•  9 

• 

9 

• 

• 

• 

• 

• 

9 

cr 

fO 

-o 

3 

C. 

O'  in 

in 

00 

CM 

4- 

rH 

m 

ro 

CM 

CJ 

in 

*H 

*-H 

X 

nr 

o  in 

c- 

c- 

vO 

CJ 

r-- 

O' 

* 

rH 

• 

<t 

9 

0- 

rH 

CJ  CJ 

CJ 

CM 

CJ 

CJ 

—4 

•  3 

m 

>- 

C  J 

H* 

9 

X 

1 

I4J 

• 

•  • 

• 

• 

• 

• 

• 

• 

• 

9 

CD 

c- 

CJ 

>- 

u. 

-1 

mi 

cj  rsj 

N- 

ro 

D 

fO 

•  J 

O' 

ro 

rH 

CM 

X 

ro 

o 

o 

►H 

a  vd 

m 

o 

g 

v0 

ro 

c- 

GO 

& 

rH 

9 

ro 

9 

00 

a 

rJ 

CM  CM 

ro 

C  J 

CJ 

rH 

Z? 

c- 

>— 

-J 

-0 

o 

1/3 

V) 

-J 

cl 

9 

u« 

00  U. 

»— « 

f 

a. 

r~ 

IX  o 

■*: 

ui 

• 

•  • 

• 

• 

• 

• 

• 

• 

9 

9 

vO 

X 

X 

3 

.  • 

1 

j 

:n 

fO  ro 

^J 

*n 

O' 

X 

s0 

f'j 

CJ 

■D 

«  3 

n 

^  o 

X 

wj 

IL 

in 

^4  »0 

VC 

CJ 

-o 

in 

•* 

rH 

9 

rO 

• 

nr 

< 

< 

u 

Q. 

H 

CNJ  <N 

CM 

Cl 

CJ 

rH 

rH 

-) 

M3 

j 

o 

♦  o 

o 

-j 

_l  -J 

*H 

• 

) 

-J 

1 

_j 

^  1  t.l 

» 

LU 

• 

•  • 

• 

• 

• 

• 

• 

• 

9 

9 

r- 

<r 

in 

»-*  < 

Cl  _J 

to 

3 

O' 

rH  N 

K> 

o 

c* 

*■ 

O' 

M3 

o 

O' 

CM 

n- 

CM 

£L 

or 

fr- 

— 4 

Ui 

in 

o  in 

O' 

00 

xO 

rH 

n- 

rH 

M> 

rH 

9 

ro 

9 

U| 

o  n 

* 

a_ 

rH 

CJ  i  J 

CJ 

CM 

rj 

CJ 

*- « 

_4 

M) 

2 

►-» 

■<* 

Ul 

C3 

o 

<c 

l.)  u. 

X 

9 

_J 

-J  O 

o 

1 

oO 

X 

Ui 

• 

•  • 

• 

• 

• 

• 

• 

• 

9 

• 

M) 

O 

cr 

3 

3T 

O  JT 

_» 

♦ 

MJ  eo 

CJ 

m  in 

M3 

■r 

ro 

O' 

ro 

CM 

t) 

in 

't 

i-  3 

1/1 

</> 

'0 

V  4 

O 

■3 

in 

CD 

O' 

r*» 

CM 

c- 

CT 

ro 

rH 

9 

ro 

9 

X 

nr 

m  r/> 

!•• 

!•( 

r» 

CV 

rH 

CJ  Cl 

CJ 

CJ 

Cl 

CJ 

rH 

vP 

It 

X 

X 

M 

t  x 

CJ 

u 

o 

9 

•  J  o 

z 

z 

i 

►- 

or  ,r: 

M 

f'  I 

It 

tL' 

• 

•  • 

• 

• 

• 

• 

• 

• 

• 

9 

a0 

a 

c 

u_  u. 

CD 

_J 

ro 

rH  J) 

r- 

ro 

M3 

v£) 

C- 

<r 

in 

CJ 

X 

a 

r- 

O' 

►H 

O 

c- 

r  o' 

CM 

*H 

JO 

lO 

r^* 

O' 

•H 

9 

fO 

9 

.  n  ro 

X 

o 

CL 

rH 

CJ  CJ 

ro 

ro 

CM 

CJ 

rH 

o 

\D 

o 

<  a  in 

o*' 

<M 

o 

-J 

«  • 

CD 

X 

• 

<*•  r- 

CJ 

OJ 

1 

l-H 

■O  U3 

• 

9 

Li 

• 

•  • 

• 

• 

• 

• 

• 

• 

9 

9 

30 

fO 

U. 

_l 

CM 

f5  O' 

*n 

U) 

a; 

c- 

0 

m 

CJ 

c- 

CT' 

■H 

ac 

ID 

(\j  in 

D 

<* 

*  ^ 

J ) 

lO 

ro 

• 

ro 

9 

a. 

«H 

CM  "J 

CM 

CM 

IM 

CM 

rH 

O 

M3 

* 

9 

in 

II  II 

II 

II 

o 

J 

9 

7 

CL 

-1 

J 

1 

H 

3 

Ll 

u. 

Ul 

• 

•  • 

• 

• 

• 

• 

• 

• 

9 

9 

M0 

iT> 

OJ 

CM 

D 

LJ 

-i 

♦ 

r*  M) 

•H  vN 

ro 

ao 

v0 

rH 

r*- 

rH 

CM 

m 

in 

a: 

a 

o 

►  « 

c 

r n 

CO  rH 

v0 

Ml 

\0 

CM 

m 

O' 

rH 

9 

ro 

9 

• 

<3 

Q_ 

rH 

rH  CJ 

CJ 

CM 

CM 

CM 

rH 

CJ 

in 

• 

o 

a 

flL 

(_> 

o 

z 

< 

a 

9 

•  1 

o 

(_> 

» 

to 

<« 

•  t 

1 

X 

• 

•  • 

• 

• 

• 

• 

• 

• 

9 

9 

o 

►— 

UJ 

o 

-J 

Q 

fr- 

h* 

►- 

X 

CJ 

r  vo 

a o 

O 

CM 

•T 

JJ 

4- 

CM 

M3 

-J 

z 

-i 

CL 

o 

< 

o 

< 

tO 

oo 

a. 

o 

rH 

fM  lO 

♦ 

M3 

r~ 

ao 

O' 

rH 

ro 

in 

►H 

u. 

o 

< 

o 

>- 

o 

< 

UJ 

UJ 

rr 

rH 

rH 

rH 

►- 

o 

■J 

3 

o 

-J 

CJ 

-J 

Ul 

:* 

co 

M 

<1 

CL 

a 

lA 

-J 

f-  I L L J  DATA  LATERAL  LOAJ  T-iST  OF  KAY  17*  19BK 


r 

o 

n 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

rr 

4 * 

vf> 

z 

U) 

cn 

rrv 

<M 

P^- 

n 

fTs 

rr 

cn 

TN 

p*-. 

cm 

rr 

CO 

Ui 

<#• 

r?\ 

p»- 

v0 

m 

r— * 

in 

m 

1 

• 

PO 

• 

o 

<r 

r-4 

H 

rg 

rg 

eg 

CM 

rg 

•u 

1 

1 

a 

r-> 

in 

Ui 

*-H 

Id 

I 

i 

1 

1 

1 

1 

1 

1 

o 

i 

-1 

• 

bj 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

PO 

M3 

r» 

lu 

ce 

—J 

-J 

in 

n 

IT' 

*o 

in 

<n 

—i 

m 

m 

v0 

g> 

P-4 

►~4 

►-4 

■*- 

P^ 

*o 

4}* 

vO 

h- 

o 

po 

r- 

♦o 

i 

• 

•n 

• 

0. 

Q. 

H 

rH 

eg 

rg 

rg 

rg 

rg 

H 

l 

t 

9 

n 

m 

1 

1 

» 

• 

i 

i 

1 

i 

o 

• 

i 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

♦ 

• 

r-, 

r- 

-J 

03 

c. J 

m 

pO 

#-i 

in 

<* 

o  J 

•n 

PO 

(T' 

4 r 

*H 

r 

rH 

sD 

GO 

ro 

X 

<M 

vD 

CO 

*o 

i 

• 

PO 

• 

a 

*H 

eg 

r\  1 

fM 

rg 

CM 

—4 

i 

1 

• 

O 

m 

« 

♦ 

r 

9 

1 

f 

t 

» 

o 

• 

i 

UI 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

rr 

Ui 

Y) 

-1 

u 

CM 

Ui 

(7s 

r- 

*-  4 

JO 

r- 

X 

CM 

CM 

CO 

CM 

H 

O  rO 

rs* 

<%» 

in 

U7 

rg 

r^. 

cr 

H 

• 

rO 

• 

/) 

Q_ 

H 

H 

*M 

OJ 

CM 

CM 

CM 

r-l 

1 

1 

1 

l 

IT) 

_i 

(/) 

i 

i 

i 

1 

i 

i 

l 

1 

o 

• 

-i 

a 

• 

</> 

•  ii 

►  4 

a. 

o 

* 

Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CO 

o 

CO 

*  4 

1 

-j 

PO 

« "» 

or 

r*  1 

r*» 

0 

rO 

f*. 

•T\ 

n 

N 

T 

X 

*: 

o 

X 

»4 

u. 

PO 

IT' 

CM 

*n 

0 

r- 

eg 

X 

X 

fO 

i 

• 

rO 

• 

*c 

<_> 

Q_ 

H 

r-4 

eg 

r\j 

eg 

rg 

rg 

r4 

1 

1 

• 

o 

m 

•* 

(j 

z 

i 

i 

i 

I 

• 

i 

I 

i 

o 

• 

J 

_i 

►  4 

• 

Ui 

Ui 

UI 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

«— 4 

CM 

_j 

00 

-i 

rO 

(JS 

rH 

r- 

'0 

r** 

■0 

in 

ui 

CM 

CM 

X 

■o 

»  l 

9- 

P~4 

uj  r~- 

•  J 

U ) 

n* 

r*- 

fO 

c 

iT) 

rr 

4*4 

• 

PO 

• 

O 

n 

J* 

a. 

—4 

<M 

eg 

CM 

CM 

r*i 

*— 4 

•-4 

i 

a 

1 

1 

r-» 

'O 

< 

Ui 

1 

i 

1 

i 

i 

i 

i 

l 

try 

i 

o 

u. 

X 

• 

_J 

vT1 

X. 

ui 

• 

• 

• 

• 

• 

• 

• 

« 

• 

• 

• 

N* 

0 

■  4 

o 

?. 

-1 

rg 

r- 

M3 

o 

a 

4- 

o 

CM 

O' 

'£ 

CM 

X 

CC 

P-4 

3  (0 

1.9 

M 

n 

IP 

O' 

CM 

4f 

<r 

K) 

'0 

IT 

PO 

1 

• 

to 

• 

X 

cn  ui 

l.l 

CL 

*4 

• 1  4 

CM 

fM 

CM 

<M 

^4 

»-4 

1 

a 

a 

n 

lO 

T 

X 

►  4 

1 

• 

1 

1 

1 

1 

1 

a 

n 

a 

x 

X  u 

u 

n 

• 

o 

V  z 

z 

CL 

■  t:  i-t 

*-4 

Ui 

Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

« 

• 

X 

rg 

u_ 

u. 

S3 

_i 

\0 

»—4 

eg 

4-4 

m 

vC 

rH 

r- 

cr 

PO 

CM 

(T> 

(JN 

in 

OJ 

P-4 

o 

in 

(M 

X3 

c: 

h- 

lM 

r*-* 

X 

CM 

• 

PO 

• 

m 

v0  O 

rvj 

a- 

4*4 

<  M 

CM 

PO 

p^i 

rvi 

rg 

4 

a 

a 

a 

o 

»n 

«  i 

N  O 

O) 

1 

1 

1 

1 

1 

t 

• 

1 

o 

i 

• 

•  O 

<r 

• 

r- 

CM  fO 

CM 

in 

m  • 

• 

i_ 

• 

• 

• 

• 

• 

t 

• 

• 

• 

• 

• 

vD 

PO 

ro 

i 

i  • 

• 

— J 

4*4 

0 

a. 

W  ' 

M3 

00 

n 

.  4 

i  * 

.n 

vM 

(30 

r ) 

►  4 

CO 

P^- 

m 

ift 

p- 

p 

n 

»r 

cr 

<r 

.-4 

• 

m 

• 

(X 

*-4 

eg 

nj 

lM 

CM 

CM 

rg 

H 

i 

a 

a 

| 

O 

•X 

* n 

ii 

n  H 

ii 

i 

i 

i 

.i 

t 

1 

1 

i 

o 

i 

o 

• 

o 

lL 

.j 

_J 

rg 

D 

u. 

lL 

1  i 

• 

• 

• 

• 

• 

• 

• 

• 

♦ 

• 

• 

X 

PO 

X 

O 

i*l 

UJ 

-1 

m 

-J3 

<r 

lit 

« 

O' 

O 

00 

o 

« 

CM 

O' 

X 

QL 

a 

n 

<. 

C4 

r- 

C3 

m 

44 

in 

ar 

* 

i 

• 

ro 

• 

• 

o 

a 

H 

H 

eg 

c  g 

CM 

CM 

r-4 

rH 

i 

I 

1 

t  > 

in 

o 

CL 

a. 

i 

i 

i 

i 

i 

i 

1 

i 

CJ 

i 

z 

z 

< 

< 

Q 

• 

o 

o 

o 

• 

</> 

g 

•  • 

UI 

Z 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

> 

a— 

-  ■ 

O-IO  K  »- 

<  U  •!  CO  I/) 

ZJ  >■  U  <  uJ 

Jn  J  i..  J 


M  ♦  J  S  O  ,'4  «  J3  4  O  J  . _ I  CL  O 

*MC'|K}4vflr-a00'«-*r'0in  n  u.  o  «* 

it  H  H  >-  O  J  J  C' 

<f  n  o  ,/i  j 


■VsX 

Cs^M 

:^.v 


HOUSTON  PlLC  iftOUP  STUOr 

FIELD  DATA  r*0*»  LATERAL  LOAD  TCST  QF  ^  AY  I7t  198* 


*  i\*vy*  FwwvrLTrv  9T- 1 rv  wv  *v  wyfia  W+Fikxnxw  Xr.nr.  W  ^^uFXrtr^XJ'JSrjU'JSCMVXXT&1Urxy*J^^wjr9yvjrmji  T^.T >  *  jy. 


X  1  >  f> 

X 

I.  > 

o 

UJ  v-4  LJ 


m  «m  *“>  04  m 

u>  ^  m  ao  « 

—<  eg  eg  eg  eg 


ao  <r»  cr>  ^ 

\T  aj  ►*  m  ^ 

<\J  PSI  ^4 


t-J  UJ  •  •  •  •  • 

-J  — J  *■  #■  *■  ^  v/) 

H  M  fNJ  ®  K)  K)  n 
Q-  a  H  H  (V  (M  PI 


^  vfi  flO  O  <H  ff' 
X>  rg  |p  <J\  »0  *-t 
CM  W  H 


ui  •  •  •  •  • 

.j  vx)  o*  vfl  k.  cm 

h  r  a  in  n-  oo 

(X  h  pj  pj  aj  eg 


CO  lP  K  ^  <M 

Aj  N  ^  H 
rj  PI  H 


•J  u  r**  p*  rj  cO 

►-«  OP*”  lO  N  h  O 


(/> 

ex 

-J 

ex 

</) 

UJ 

t-H 

a 

(-> 

gr  uj 

U4 

i  -J 

o 

X 

<f 

<-)  CL 

r> 

z 

-J 

-l 

p-g 

l.l 

•  i 

•  UJ 

o 

_J 

</)  -1 

V-4 

U  M 

o 

n 

^  ex 

c 

Uj 

o 

u- 

ac 

-1 

o 

o 

i.  Ui 

u> 

X 

A-# 

o 

in 

tn 

•> 

rn 

</) 

«•• 

i.i 

3»  (V 

X 

X 

»-« 

X 

X 

O 

u 

n 

CD 

rJ 

X 

X 

!T 

X 

ar 

H 

>-4 

U  Ui 

lx 

IX 

ao  _i 

o> 

*■ 

>4 

\T 

o 

•  4 

.-J 

a. 

PO 

rO 

• 

• 

aC 

P- 

in 

X 

eg 

vg 

in 

in 

# 

• 

UJ 

-4 

fl. 

o  II 

ii 

n 

ii 

w-i 

O  kX 

J 

-j 

rH  3 

u. 

u. 

UJ 

o 

hJ 

•jJ 

- 1 

or 

o 

o 

•  *4 

•  o 

a 

C' 

a. 

a. 

< 

o 

o 

CJ 

L-i 

r 

_i  o 

►- 

►“ 

*-  z 

u  <. 

CL  U 

>■  o 

< 

UJ 

u 

O  -J 

i  l 

Jl 

o  ►< 

00  P«  fy|  □  K1  vN 

N  K)  h  ^  ^  H 
CM  CM  H 


•n  >n  ^  vT  r 

»J  O'  lf>  .O'  <t  -4 

eg  ^ 


CJ  00  lO  (S  H  00 
N  ^  «  H  sD  A 
r.»  im  *4  ^ 


h  fM  a  in  H  ^ 

ae  tp  on  ^  4-  h 

Cvl  CVI  — 4 


— •  eg  m  po  po 


®  o  oo  oo  in  in 
«  <f  ^  cr  ^  h 
eg  eg  ^-« 


^3  K)  h  u3 


C  Ml  .-n  O'  K)  >0 

^  •-«  P*-  On  ^ 

ig  cm  h 


0  K)  r-  CM  ♦ 


N  HC0  ^ 

gj  k)  in  ^  ^  h 

CM  IM  H 


cn  w  M) 

<\j  o'  <r 

•  po  • 

n  v/> 
r> 


Ps*  K)  CO 
rg  -o  O' 

•  <t  • 

o  in 
o 

• 

i 

CO  IO  00 

eg  ~a  to 

o  in 
o 


cn  no  <o 

eg  O' 

•  k>  • 

o 

o 

• 

l 

%0  r-*  O' 

<M^N 

#  fO  • 

n  vX) 

CD 


N  rO  n 
(M  X)  IO 

•  PO  • 

u; 

CD 

• 

I 

vO  P-  X3 

eg  on  vfl 

•  K>  • 

o  NO 


O'  »0  0* 
CM  X  CO 

•  rO  • 

O  vD 
o 


a>  m  in 

(\l  n  x 

•  pO  • 

O  M5 
o 


«  CM  5s 
CM  X)  iD 

•  PO  • 

ca  in 

Cl 


•••••••#••  »OH  LJ 

CM^M)COO(M<rM)^CMMJJ2jClQ 

HCMP)4,\flNX(J'HK)in  H  U.  O  < 

HHHhO  U  -J  O 

*r  a  n  </i  _J 


•  i  *r» 


m 

fe 

r& 


m 


■  vV 

fV  V 
*  %  %  ■, 
/•  v»  . 
Tv"  re  K 


r  Vs.- 

%  V 
/*  V*  •  ! 

>>> 

v*\V'7‘ 

«  ); 


•>  »jt  >  w 'X v-i'  w  g?  wv*  '.^.-v  o 


r  x,T*.n  KWJtJ1  Km  Kw  HO  KO  *  v*  t  *« 


n 

ij 


8 


R 


t 


D> 


B 


£ 


R 


& 


V 

1. 1 


t* 

r> 

<T 


/f  S  n  n  ^  "f)  ^  ^  \/i  v  f  i 

|H  »■»  l''  in  —4  1  n  -r  kn 

h  f\J  'Nj  (\J  i\|  (\i  ri  h  I  | 

I  I  I  I  I  I  I  I 


cf 

X 

ryN 


on 

r> 


no 


vf>  A|  A-  CO  Ovj  _4  X  X)  ro 

4-  't5  fO  in  x  f  i  *o  a- 

r-4  AJ  OJ  CM  CNJ  rg  ~4  » 

I  I  »  I  I  I  I  I 


UJ 


ip  ^  ’0  o]  rg  o  (\j  n  h  (T'  o 

r-4  OJ  CM  ~|  C;  Oj  r>j  ^  j  | 

I  I  I  I  •  I  »  f 


t)  ^  mp  u*  o  to  ,n  j)  'j 


n  /) 

rj  n\  nj 


pO  H  O' 

po  n  m 

•  po  • 

I  o  if) 

o  • 


tFS  -n  T* 

CJ  O  CO 

•  ^  • 

»  J  >n 

O  I 


>tn  rrs  in 
INJ  X)  O 


n 

o  « 

»-# 

o 

vX3 

r*- 

in 

'*') 

o- 

CO 

cr 

*-4 

ft 

rO 

ft 

3 

* 

CL 

-H 

H 

c\i 

1.VJ 

a  j 

c  J 

r-4 

1 

I 

1 

1 

LJ 

in 

h- 

►—  ft 

_i 

'/) 

i 

1 

i 

1 

i 

i 

1 

1 

o 

i 

•o 

(/>  ft 

_< 

Q. 

• 

'.;  ft 

oO 

,  j 

►*  « 

»—  ft 

0. 

O 

V 

UJ 

ft 

ft 

ft 

ft 

• 

• 

ft 

ft 

ft 

• 

ft 

X 

ro 

fO 

3 

ft 

>  >4 

t 

-J 

J 

rr> 

'■T 

CM 

t 

*  T 

in 

OJ 

3 

J’ 

O 

o  « 

n 

r 

t-# 

U 

O 

rO 

fTv 

r- 

X 

oj 

n 

-r 

TO 

l 

ft 

ft 

'V 

<t  ft 

< 

o 

a. 

r-# 

AJ 

Al 

CNJ 

OJ 

OJ 

OJ 

r-4 

1 

1 

1 

o 

iJ 

!) 

o  ft 

n* 

l 

i 

• 

t 

i 

1 

i 

» 

o 

1 

-1  « 

J 

-i 

ft-# 

ft 

Ul 

* 

J 

J 

-J  ft 

l.l 

.  .i 

♦ 

ui 

ft 

ft 

« 

ft 

• 

ft 

ft 

ft 

• 

ft 

• 

vO 

pO 

»— • 

«4  ft 

o 

-i 

iy) 

_i 

»JJ 

TO 

K) 

M 

O' 

u 

ro 

•  M 

t_j 

rj 

X 

O 

cv 

<r  * 

■  4 

— # 

UJ 

£ 

—4 

ul 

an 

X 

11) 

(T> 

t* 

r- 1 

• 

rO 

ft 

it  i  « 

r> 

A 

O- 

•-# 

r\j 

C  Vi 

C\l 

vM 

iM 

«•  4 

1 

I 

1 

i 

O 

A 

_r 

»-  ft 

«* 

Li 

• 

• 

1 

1 

i 

i 

| 

1 

c  J 

1 

6 

<y  « 

) 

u. 

• 

►- 

-j  * 

-1 

•  ■> 

O') 

« 

X 

UJ 

ft 

• 

ft 

• 

ft 

ft 

ft 

ft 

• 

• 

ft 

c- 

cr 

#» 

3 

3-  « 

O 

r. 

_i 

03 

m 

X 

O 

o 

o 

o 

O' 

h*. 

ID 

rj 

r- 

r-4 

r- 

o  ft 

#-4 

3  <3 

<n 

C9 

►4 

Cl 

in 

C* 

fO 

<* 

m 

*t- 

o 

vT 

rr> 

ro 

1 

• 

rO 

ft 

X 

rr  * 

m 

(A  l.l 

;.i 

A 

—4 

A  | 

rvj 

OJ 

CM 

Ol 

CNJ 

*4 

i 

1 

i 

n 

it  * 

T* 

X 

ft-# 

1 

1 

l 

1 

1 

1 

1 

1 

n 

• 

* 

-u 

3-  u 

o 

Q 

• 

<T  ft 

«  y 

<  -  -n 

V  ft 

<T 

m  *-4 

M 

UJ 

ft 

ft 

• 

ft 

ft 

ft 

ft 

ft 

• 

• 

• 

no 

>n 

ro 

<x  ft 

IL 

Li- 

co 

-1 

•d* 

A- 

CM 

r4 

X 

X 

vl) 

D 

ro 

m 

CsJ 

L  J 

rO 

o  % 

H 

L- 

ft^ 

u 

x: 

fO 

(T 

H 

C3 

o- 

CM 

X 

X 

Ci 

ft 

* t 

ft 

ft 

r~i 

fO  ^ 

vO 

A 

--4 

CNJ 

OJ 

TO 

fO 

r\| 

CNJ 

r-4 

l 

i 

1 

4  3 

O 

^  ft 

ro 

t  r>- 

LA 

| 

1 

1 

1 

1 

• 

1 

1 

r  i 

1 

-J  « 

• 

•  o 

J' 

ft 

U-  « 

sJ 

mJ  CJ 

CJ 

*~#  41 

vX) 

U)  • 

ft 

u 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

• 

• 

ft 

0 

H 

o 

u_  ft 

1 

1  • 

1 

-J 

*  « 

‘-n 

cr, 

fO 

u 

OJ 

<* 

00 

r-4 

<r 

CJ 

rt' 

J  J 

« 

►  -4 

dj 

n* 

N) 

vO 

<x 

N- 

in 

r—4 

in 

CTv 

<r 

—4 

• 

#o 

ft 

* 

CL 

t-4 

AJ 

OJ 

CJ 

CM 

(M 

H 

1 

1 

1 

i 

CJ 

vO 

« 

*  « 

o 

II 

II  II 

II 

1 

1 

1 

1 

i 

i 

i 

i 

o 

i 

r-4 

« 

O 

a 

-J 

-J 

CsJ 

=J 

u. 

Ul 

uJ 

ft 

ft 

ft 

ft 

ft 

• 

• 

ft 

ft 

• 

ft 

X 

fO 

A- 

CM 

Q 

-J 

<r 

ri 

c 

in 

C- 

m 

•O 

H 

«£ 

r~ 

r- 

CM 

o 

H 

ac 

Q 

a 

ft-# 

rsi 

cc 

t» 

cc 

OJ 

IT 

XN 

ro 

i 

ft 

ft 

ft 

o 

(V 

—4 

*-# 

CSJ 

<\l 

tM 

CM 

•-ft 

H 

1 

• 

1 

o 

4) 

•  o 

a. 

0- 

t 

1 

1 

1 

• 

1 

1 

1 

o 

I 

«£ 

< 

< 

a 

ft 

3 

o 

o 

» 

</} 

*3. 

•  • 

X 

vL 

• 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

• 

o 

J- 

UJ 

C)  _J 

a 

*- 

>- 

H- 

X 

*• 

a 

CC 

O 

CM 

4T 

-U 

iM 

vO 

-J 

—J 

a 

Q 

<  o 

< 

CT 

a. 

o 

r-4 

CM 

TO 

si) 

h- 

<x 

O' 

H 

r ) 

4/1 

►-# 

u. 

o 

< 

c-  >■ 

o 

t 

UL 

L  J 

r-4 

r-4 

r-4 

R— 

O 

s 

-J  CJ 

_J 

.  1 

X 

o 

ft-t 

4 

A 

o 

tA 

— 1 

343 


rv-.-v>  ,  _ 

-;v;/.-7 

k  V  V  ", 

v>V-j 


m 


N  V  S' 

vvv 

V>V 

Wv 

vv\ 


$#3 

aV'3 

•$>: 1 


>,VA 


SKS 


JV-’S 


HOUSTON  P-I L£  GROUP  STUOY 


I. 


Ui 


00 

Lj 

►-4 

CL 

u 

*  ui 

M 

1 

_j 

n 

X 

< 

CJ 

a 

♦ 

z 

-J 

-j 

M 

-1 

UI 

UJ 

•* 

i-  j 

CJ 

-J 

O0 

>-* 

1— 

M 

o 

a 

z 

a_ 

«* 

ul 

o 

u. 

X 

— i 

CO 

CJ 

X 

Ui 

o 

X 

-J 

4-4 

f/> 

</) 

CD 

*-l 

</l 

l.l 

1. 1 

z 

a_ 

X 

X 

M 

X 

X 

CJ 

CJ 

o 

o 

n 

z 

z 

z 

re 

ex' 

*-4 

4-4 

UJ  ui 

u_ 

u_ 

X 

-J 

h* 

CM 

1-4 

»o 

** 

on 

(M 

CL¬ 

*H 

m 

•#• 

• 

• 

cf) 

ro 

vO 

CM 

CM 

in 

in 

• 

• 

UJ 

-1 

u-4 

a 

o 

M 

m 

It 

II 

CM 

O 

a. 

-1 

-J 

H 

Z) 

U. 

Li- 

LJ 

Ci 

o 

LJ 

-1 

at 

o 

o 

►  •4 

• 

CD 

a. 

• 

o 

CL 

a. 

o 

z 

Z 

< 

o 

c3 

o 

+  to 

—  4 

X 

LJ 

o 

-J 

o 

►- 

•- 

>- 

X 

< 

u 

< 

00 

00 

a 

CJ 

o 

>- 

o 

*< 

-J 

Ui 

_J 

cj 

-J 

1.1 

Jt 

n 

►-« 

(9  ®  O  O  o  fMD  w  n  if) 
m  n  if  ~n  co  ^  r\i  n*  n  in  ^ 
^<\irjcsjrjrsjrsj«H^ 


u  ui  ••••••••••• 

J  J  *«<»ONff\^fyjnnr<s#o 

*-4  MMNfl0nK)»OCCK)'0,-»irfM 

O.  a  HHN'MrjfVJTNjHH 


►-^X^OlD^OOvO^O^O^*^ 
CL  -<C\jr\J<M<MC\JCJ  *-#•"! 


mO'D'O^OHX  X  ^  (jv  *■  *-4 

a.  HC'JojrOfO(\jr\jH 


r  N  TN'O'rrj^tonrO 

iD  ^  ^  vT  ^  <NJ  O'  -n *  'T'  T  ~4 
•■4  <M  CVJ  CM  CM  OJ  H  h 

aocgcgu'OinoiDH^a 
iino-^«-3(Msr\jon(\j  J  cm 
-4  rsj  «\|  fO  lO  ro  ia|  ^  ^ 


to^^H^e{rooK)\flvT 
■  n^m'THaoiOflDo^H 
^  (Vi  (\l  (M  to  ry|  m  ^  H 


CMrgoDinr-icrcNjcMrnoC'D 

h»  ♦  G',vMCMClD^‘C0O<f  *H 
H^JcjroriivjrjHH 


^  CO  H  iVJ  K)  CJ  fO  M  O  vO  cc 
K)  CT'  ro  fl  \fl  If)  (NJ  cr  o  <f 
HHcgc^egcgNHH 


o^HN^egha'gjogro 

<jo^»-«»fjvorw'Oinff'ipH 

h  h  c\i  w  v-j  (\j  rg  h 


•  ••••••••#•  o>— 

r-4C\iK)<fvfir^coc^»-i»oir)  *-*  u_ 

H  H  H  ►-  O  lij 
•rf  Cl  O 


m  '0 
m  rr  rj 


00  v£)  o 

eg  co  ® 

•  4-  • 

o  to 
n 


rr  ^  k- 
CJ  CM  <* 

•  4*  • 

O  to 


cr  ,  T'  (T> 

Oi  cr  eg 

•  rO  • 

O  h* 
o 

• 

I 

»f)  — 4  <t 
<VJ  .1  S 

•  w*J  • 
O  v/J 


h*  d.  m 
CM  CO  CM 

•  rO  • 

r-%  X) 


gj  tr  T' 

<M  O'  <** 

•  K5  • 

»n 


a  eg  co 

ro  ®  vO 

•  m  • 

O  0 

o 


o  ^ 

K)  h  H 

•  fO  • 

o  ^ 

o 


‘A  ■  \AA_-  A-S  v  ’A  v  v  ■ 


ww*incinL¥KiTu»'  tut  v  wv  fv 


«r 

X 

C  J 

ro 

• 

ft 

ft 

ft 

ft 

ft 

• 

ft 

ft 

• 

• 

TO 

rvj 

rp 

•jt 

(.0 

rr 

rj 

v0 

h- 

cr 

ir> 

Ip 

vX) 

N' 

PI 

P- 

UJ 

NO 

on 

NO 

.n 

*n 

«ft 

«  > 

IP 

m 

HO 

1 

• 

• 

X 

to 

•ft 

•h 

CM 

rj 

nj 

CM 

CM 

1 

1 

1 

ro 

m 

'3 

UJ 

*-4 

UJ 

i 

i 

» 

i 

1 

1 

• 

1 

r*0 

I 

or 

3 

ft 

o 

♦ 

ft 

ft 

UJ 

UJ 

ft 

• 

ft 

• 

• 

ft 

ft 

ft 

• 

ft 

ft 

NO 

O 

rr 

ft 

a 

ll_ 

m 

3 

-J 

h 

«r 

o 

CD 

tn 

►0 

-t- 

•  l 

HO 

o 

<t 

ft 

M 

M 

►  ft 

'M 

'C 

•--j 

in 

C  ) 

NO 

f— 

H  1 

1 

ft 

NO 

• 

no 

ft 

0. 

a. 

•ft 

H 

CM 

CM 

CM 

CM 

<M 

H 

1 

1 

9 

O 

*n 

O' 

ft 

1 

i 

1 

t 

i 

1 

» 

i 

rr* 

i 

r- 4 

ft 

ft 

» 

ft 

UJ 

ft 

ft 

ft 

• 

• 

ft 

• 

• 

• 

ft 

ft 

to 

ro 

■n 

p- 

ft 

3 

O' 

CM 

ID 

in 

O 

in 

O' 

H 

o 

•c t 

PI 

rp 

•H 

H 

ft 

►•4 

T 

n 

O 

*n 

vD 

in 

3 

HO 

1 

• 

*n 

ft 

ft 

CL 

•ft 

PJ 

CM 

PJ 

<M 

CM 

CM 

1 

f 

1 

r  ■> 

‘P 

>- 

ft 

i 

t 

• 

1 

1 

1 

• 

i 

r*’ 

1 

< 

ft 

• 

ft 

ft 

UJ 

• 

ft 

• 

ft 

• 

ft 

• 

■ 

ft 

ft 

• 

cO 

rn 

>* 

u. 

ft 

3 

3 

CvJ 

CJ 

CJ 

*• 

H 

cr 

-■r 

•0 

iH 

CM 

p- 

(J' 

o 

o 

ft 

►ft 

O  <M 

3 

•ft 

m 

s0 

<#* 

CM 

3 

(3s 

-r 

H 

ft 

NO 

► 

3 

ft 

00 

a. 

•ft 

•ft 

CM 

PJ 

tsJ 

CM 

CM 

H 

1 

1 

| 

1 

o 

h- 

►- 

ft 

3 

CO 

1 

1 

i 

• 

1 

1 

1 

| 

1 

t-0 

<n 

ft 

3 

a 

ft 

wl 

ft 

00 

3 

H 

CL 

I- 

ft 

n. 

3 

'C 

ft 

ft 

• 

ft 

ft 

• 

• 

ft 

• 

ft 

ft 

co 

CvJ 

•4 

3 

ft 

*-4 

i 

3 

*o 

•ft 

*o 

1 

0 

CM 

3 

ro 

n 

1.' 

V*j 

*  n 

O 

3 

ft 

1C 

a 

X 

►  4 

U. 

<M 

X 

CM 

TO 

in 

h- 

CM 

in 

t) 

m 

1 

NO 

• 

or 

*T 

ft 

u 

a. 

•ft 

•ft 

CM 

PJ 

CM 

AJ 

CM 

H 

1 

i 

i 

O 

n 

n 

f  0 

* 

» 

o 

X 

1 

1 

i 

1 

1 

i 

i 

i 

o 

i 

3 

ft 

3 

3 

►-• 

• 

Ul 

ft 

3 

.  1 

3 

ft 

I.J 

«*J 

ft* 

UJ 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

• 

• 

ft 

vn 

■3- 

rn 

►  -4 

<t 

ft 

u 

3 

in 

3 

in 

CM 

vi) 

lH 

CM 

r-A 

<-4 

t\J 

NO 

C3 

pj 

■u 

‘  M 

a 

OC 

ft 

M 

H 

►  4 

UJ 

vO 

o 

<1- 

r- 

* 

K0 

JO 

if) 

C T- 

H 

• 

NO 

ft 

».  1 

ft 

ro 

n 

— * 

<• 

a 

•ft 

CM 

r\j 

CM 

rj 

CM 

—4 

r—4 

1 

1 

1 

i 

«  » 

r 

z 

h- 

ft 

<x 

Ul 

* 

i 

i 

i 

l 

i 

1 

1 

n 

1 

o 

<t 

ft 

o 

U- 

X 

• 

i- 

3 

ft 

-J 

o 

o 

•./> 

ft 

X 

Uj 

• 

ft 

ft 

ft 

• 

ft 

ft 

ft 

• 

ft 

• 

•  i 

Vt  > 

3 

X 

ft 

3 

X 

3 

<r 

O 

CO 

vD 

O' 

CM 

<r 

‘0 

IP 

rj 

f> 

in 

O  O 

ft 

M 

3 

tn 

00 

'3 

►ft 

o 

♦ 

o 

CM 

NO 

m 

K) 

(T' 

in 

CO 

HO 

1 

• 

NO 

• 

X 

QC 

ft 

CD 

00 

l.t 

1*1 

a. 

-ft 

■ft 

CM 

CM 

CM 

CM 

• 

1 

1 

m 

u. 

ft 

X 

X 

►■ft 

1 

1 

1 

1 

t 

1 

1 

• 

r*> 

i 

ft 

X 

X 

u 

u 

o 

ft 

< 

ft 

o 

o 

z 

z 

z 

ft 

CC 

tC 

M 

►  « 

!>l  UJ 

ft 

ft 

ft 

ft 

• 

ft 

ft 

• 

ft 

ft 

P- 

-0 

«c 

ft 

U- 

Ll. 

00 

3 

vD 

<* 

on 

•ft 

H 

in 

a 

in 

<T 

r^. 

NO 

CJ 

an 

L0 

Q 

ft 

H 

h~ 

►ft 

<_> 

<r 

H 

at 

a> 

O' 

vfl 

CM 

X) 

Q.J 

CM 

ft 

NO 

ft 

ft 

rs. 

on 

on 

Q. 

•ft 

CM 

CM 

<“vl 

CM 

CM 

CM 

1 

1 

1 

r  i 

.n 

o 

ft 

0 

NO 

CM 

ID 

• 

1 

1 

1 

1 

I 

1 

I 

*  "i 

• 

-J 

ft 

• 

• 

O' 

• 

13 

ft 

no 

O' 

CM 

CJ 

►4 

ft 

in 

<r 

• 

• 

UJ 

• 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

• 

O' 

p~ 

U. 

ft 

1 

1 

1 

1 

-1 

<* 

•0 

(P 

N*> 

<f- 

r~- 

N“> 

v'J 

r- 

A) 

CJ 

1) 

o 

ft 

►ft 

40 

ft 

vn 

vn 

<-» 

iTJ 

rt\ 

r-A 

• 

NO 

* 

ft 

CL 

•H 

CM  CM 

CM 

CM 

'M 

CM 

r-4 

i 

1 

1 

1 

O 

c  < 

* 

« 

ft 

o 

ii 

ii 

ii 

ii 

i 

1 

i 

r 

i 

1 

i 

i 

o 

1 

<m 

• 

O 

a. 

3 

3 

CM 

3 

U. 

u. 

uJ 

ft 

ft 

ft 

ft 

ft 

ft 

• 

ft 

• 

• 

ft 

r- 

CM 

CO 

CM 

o 

3 

3 

3 

ao 

3 

00 

in 

O' 

* 

oo 

vO 

in 

r- 

CM 

X) 

JD 

a: 

o 

Q 

►ft 

<x 

•H 

vO 

O' 

tM 

H 

n- 

3D 

N) 

i 

• 

NO 

• 

• 

3 

o. 

H 

fft 

•ft 

CM 

CM 

CM 

r4 

H 

1 

1 

1 

ro 

liO 

• 

a 

a. 

CL 

1 

1 

1 

i 

i 

1 

I 

1 

<-> 

1 

o 

z 

Z 

< 

4 

o 

• 

z 

t  J 

CJ 

cj 

» 

to 

<x 

•  • 

Uj 

X 

u- 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

• 

UJ 

o 

3 

Q 

H- 

►- 

t- 

X 

CM 

3 

>J0 

O 

CM 

MJ 

<t 

CM 

s 0 

3 

•J 

a. 

n 

< 

<3 

< 

VJ 

</> 

a 

<3 

CM 

fO 

4 

3 

00 

O' 

r* 

NO 

in 

►  4 

U 

o 

ftt 

o 

V 

O 

< 

u 

u  z 

H 

H 

H 

h" 

U1 

u 

3 

o 

-J 

(J 

-J 

UJ 

J* 

o 

►ft 

4.1 

n 

ci 

3 

-J 

.*>>< 

•ty.y 

v\-> 


>.- 


»», »', 


HOUSTON  eiLI  GROUP  STUDY 

FIELD  DATA  FROM  LATiRAL  LOAD  TEST  CF  1 A Y  17,  1984 


w  1  *  rknru  mvi  W\1  wv  wv.  in.  VWVmFTWiPUrJ 


k  «  «  « 


z 

o 

o 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

.4 

rr 

in 

Z 

n 

r4 

f*- 

in 

in 

n 

in 

4f 

cn 

ON 

40 

^4 

in 

LI 

M 

vfl 

n 

k-4 

tr 

m 

rr 

.0 

—4 

• 

«T 

• 

X 

13 

4* 

eg 

CM 

K) 

40 

CM 

CM 

*•4 

•-4 

r) 

vO 

4- 

13 

Ul 

*«4 

UJ 

r> 

or 

_J 

• 

o 

1 

z 

t»l 

u 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

t-4 

40 

(Tv 

O 

a. 

OD 

_l 

_i 

CO 

ON 

in 

40 

*o 

«-4 

O 

o 

«r 

*0 

<r 

m 

*■4 

4-1  >H 

«-4 

N* 

>o 

A 

® 

♦ 

T- 

O 

vi) 

<M 

9 

<*■ 

• 

a. 

a. 

^4 

H 

CJ 

<N 

CJ 

<M 

CJ 

H 

-4 

CJ 

in 

«J  vfl  O'  to  ex'  00  «-«  ®  m  vO  « 


in 

o  a.  _j  _j 

^  a  u.  u. 

(M  O  Ul  wJ 

OC  Q  □ 

•  o 

•  O  a.  Q- 

o  z  z  <  < 

Z  O  O  (_> 

IU 

O  _J  Q  *-  *- 

<  <_>  «*  </)</) 

O  >-  o  «  uJ 

J  O  J  ».•  3 


C3 

• 

I 

rt  N  H 
IO  (M  N 

•  «r  • 


UJ 

9 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

<r» 

o 

-J 

CO  CM 

o 

CJ 

♦ 

vD 

40 

CC 

A 

in 

O' 

fO 

CJ 

*■4 

tfl 

c- 

m 

O'  K> 

K) 

o 

vfl 

O' 

_> 

in 

H 

• 

•r 

• 

uO 

a 

H 

CM 

cu 

K) 

K) 

m 

CM 

H 

rl 

o 

r* 

_i 

GO 

_i 

a 

• 

l/) 

UJ 

l  4 

* 

a. 

o 

V  UJ 

# 

• 

• 

# 

• 

• 

• 

• 

• 

• 

9 

o 

o 

CM 

M 

i  -j 

oj 

r*. 

40 

40 

00 

vO 

H 

CNJ 

-o 

A 

eg 

K* 

T 

♦O 

z 

a 

X  •-< 

u. 

a> 

40 

r- 

o 

Ml 

CM 

CD 

■•"5 

in 

Oi 

• 

40 

• 

<t 

<j  a. 

CM  <M  40 

»n 

CM 

CM 

k4 

-4 

O 

r» 

• 

o 

z 

o 

_i 

-I 

H 

• 

_) 

t 

Ul 

i.J 

•  UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

*-4 

O' 

vfl 

o 

-I 

tn  _i 

*■4 

a  oO 

H 

vO 

<-M 

in 

a 

a 

m 

in 

K) 

•-4 

c- 

M 

l—  »4 

u; 

P*« 

CM 

vfl 

40 

'O 

•H 

<r 

CJ 

40 

r- 

Nvl 

• 

• 

n 

a. 

--  A 

CM 

CM 

40 

m 

l»# 

•  M 

.  J 

•4 

r. 

fl 

< 

Ul 

n 

o 

u. 

X 

• 

-j 

o 

o 

• 

X  ui 

• 

• 

• 

• 

• 

• 

• 

t 

• 

• 

• 

o 

O' 

o 

X 

_J 

O' 

in  tr 

O' 

O' 

vfl, 

•-4 

O' 

O' 

•-4 

*o 

•-4 

•-4 

M 

cn 

cn 

C5  1-4 

n 

vn 

CJ 

(Ts 

?o 

C5 

vD 

n 

H 

in 

CJ 

• 

<* 

• 

m 

</l 

Ul  ui 

z  a 

-4 

M 

CM 

CM 

40 

40 

CM 

CM 

—4 

r> 

vn 

T 

X 

M 

n 

X 

t: 

u 

u 

a 

• 

o 

o 

41  - 

z 

z 

i 

« 

«: 

►•4 

M 

uj  ul 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CM 

OS 

r^- 

U- 

u. 

CD  _J 

O' 

r4 

•H 

40 

r 

in 

H 

CC 

H 

O' 

o 

-n 

u 

O' 

<»■ 

a 

M 

u 

r- 

m 

r-4 

♦ 

* 

H 

O  eg 

in  <m 

« 

• 

CM 

OD 

Vfl 

r*- 

0. 

—4 

CM 

40 

40 

40 

40 

CM 

Cm 

•4 

i 

MJ 

m 

ON 

ON 

os 

r~N 

• 

• 

c?n 

r- 

• 

40 

a 

CM 

CM 

1 

in 

in 

• 

t 

u. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CM 

in 

CJ 

-J 

r\ 

if) 

h- 

a 

sD 

JO 

<t 

A 

o 

vfl 

in 

lO 

rs 

t-i 

M 

CD 

<r 

~4 

in 

rr 

fTN 

r* 

*r 

n 

4 r 

• 

• 

& 

r4 

CM 

CM 

CM 

CVJ 

CM 

CM 

CM 

H 

o 

II 

II 

II 

n 

_j  i/iffiaoinoioioifiortco 

«  ♦J'roooa'u^NH^H 

Q.  rtHNOJfjlKMHH 


Nf0aoW^'0,rjt£JZJ 
^HOjm<rvOf>-oD(r^rOif>  mu. 

H  H  H  K  O 

«r  a  o 


r<  N  C 

40  O  O 

O  s£j 

a 

• 

I 

U) 

J  CL  O 

u.  O  4 
J  J 
O  «/>  -I 


m 

yVA' 

ip,f 


»5i' 


m 

yvwt 


a>> 

■V  % 

^  v  V 


wMw 


•* 

X 

CJ 

n 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

v0 

pH 

z 

CD 

& 

vn 

r-> 

n 

m 

»H 

pH 

mO 

r*% 

rO 

CM 

m 

cr 

III 

€M 

nj 

IA 

O' 

4f 

K- 

K-i 

9 

• 

ro 

• 

T 

CD 

H 

H 

CM 

CM 

CM 

CM 

pH 

pH 

i 

1 

9 

n 

4* 

4- 

o 

t_? 

M 

Ll 

i 

i 

i 

1 

1 

1 

i 

i 

o 

l 

IT 

-J 

• 

O 

* 

* 

« 

r* 

Ll 

Ll 

t 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

X 

in 

in 

« 

n 

u. 

ro 

3 

_J 

an 

^5 

■D 

rO 

in 

r- 

Hf* 

ro 

*o 

pH 

CNJ 

K-) 

n 

* 

►H 

»-« 

4-ft 

rj 

rO 

ao 

pH 

ro 

tn 

rc 

CM 

'A 

CJ 

i 

• 

ro 

• 

cn 

* 

a 

CL 

H 

H 

*H 

'M 

CM 

<M 

pH 

pH 

f 

1 

9 

o 

<r 

« 

1 

i 

i 

i 

• 

1 

f 

1 

o 

1 

•H 

« 

• 

• 

■* 

Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

■  n 

KP 

r— 

* 

-J 

m 

in 

co 

H 

m 

tn 

CT' 

tn 

pH 

ro 

pH 

CM 

P*~ 

r- 

H 

« 

M 

X 

<M 

00 

*o 

vT 

vP 

<T 

CT' 

r- 

CM 

• 

ro 

• 

♦ 

CL 

H 

pH 

'M 

CM 

nj 

CM 

pH 

H 

1 

1 

9 

i 

■t 

>- 

« 

1 

1 

1 

I 

l 

• 

1 

1 

p  - 

i 

•*x 

« 

• 

X 

« 

* 

Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Lp 

J") 

>* 

IL 

« 

-J 

r- 

CO 

O' 

<T 

O' 

ro 

tH 

CM 

ro 

X 

c 

<  M 

►o 

CM 

a 

o 

♦ 

o 

o 

to 

O' 

CM 

ro 

CM 

a 

in 

X 

rO 

1 

• 

rO 

• 

3 

* 

CO 

a 

H 

H 

H 

CM 

CM 

CM 

CM 

pH 

1 

1 

1 

O 

<r 

ft- 

ft— 

« 

_l 

(0 

i 

i 

i 

• 

i 

i 

i 

| 

CJ 

• 

00 

</) 

* 

_J 

a. 

« 

UJ 

* 

vO 

►H 

Q. 

1— 

« 

Q. 

u 

UI 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

in 

o| 

TN 

T) 

* 

►  4 

i 

_i 

Ol 

CN 

rM 

K- 

o 

ro 

P-. 

m 

O 

o 

CJ 

r- 

rt 

r  •x 

o 

« 

x. 

o 

X 

1-4 

U_ 

o 

O' 

CM 

K. 

vXJ 

i.) 

K- 

ro 

9 

• 

ro 

• 

a: 

<1 

« 

< 

U  CL 

pH 

H 

CM 

CM 

CM 

CM 

CM 

pH 

i 

9 

9 

.» 

\n 

O 

o 

« 

m 

z 

i 

i 

• 

i 

i 

1 

i 

1 

c 

• 

J 

* 

_i 

_l 

M 

• 

Uj 

« 

_j 

-J 

_l 

« 

UJ 

UJ 

» 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

lT) 

•H 

<* 

M 

< 

« 

u 

_i 

CO 

-J 

vO 

<r 

Oi 

<r 

O' 

cr 

O' 

CM 

U) 

*x 

CM 

lO 

CL 

Q 

cr 

« 

M 

M 

Li  in 

O' 

<r 

vJ) 

CM 

pH 

ii 

ro 

T- 

ro 

1 

• 

r*) 

• 

UJ 

4r 

o 

Cl 

J' 

CL 

*4 

r\i 

.  J 

CM 

<M 

pH 

pH 

1 

i 

l 

t  » 

in 

«_T 

ft- 

« 

<d 

ui 

1 

I 

f 

1 

i 

i 

1 

1 

O 

f 

O 

<x 

♦ 

O 

u. 

X 

• 

r— 

-J 

« 

_i 

t  / 

o 

o 

« 

•«_ 

u) 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

4- 

.  ) 

3 

3: 

* 

13 

X 

-J 

in 

co 

O' 

X 

CM 

CO 

O' 

o 

<M 

ro 

O' 

^ » 

o 

« 

►H 

3 

CO 

tn 

>3 

H 

r* 

CM 

'0 

cr 

•H 

<r 

r »- 

CM 

p 

rO 

• 

X 

a? 

* 

m 

ro 

III 

i.i 

a. 

•4 

w-J 

•H 

rM 

CM 

Owl 

4 

pH 

1 

• 

» 

o 

■et- 

u 

« 

T 

T 

M 

I 

• 

1 

• 

1 

| 

• 

1 

r  » 

• 

* 

X 

x: 

o 

u 

o 

• 

*t 

* 

o 

O 

#T 

-p 
*  • 

*— 

ft— 

* 

a: 

M 

M 

iu  LJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

♦ 

vr 

r\i 

<x 

* 

Ll 

U- 

CD 

-i 

CO 

\0 

CM 

a) 

ro 

l/i 

X 

ro 

ro 

O 

o 

CnJ 

Ki 

n 

* 

A- 

O 

ft  4 

u 

ro 

L- 

j} 

00 

X 

U/ 

o 

in 

r-> 

CM 

• 

iO 

• 

« 

cr 

'  1 

cn 

<\l 

ft- 

•—< 

CM  CM 

f\i 

CM 

CM 

CM 

•H 

i 

1 

1 

o 

a  > 

n 

« 

i\j 

n- 

ro 

K> 

1 

1 

f 

1 

9 

1 

1 

1 

o 

1 

_i 

« 

• 

• 

n- 

CD 

• 

..i 

« 

H 

♦ 

CM 

CM 

►h 

« 

ip 

* 

• 

• 

Li 

• 

• 

t 

t 

• 

• 

• 

• 

• 

• 

• 

pH 

pH 

4a. 

* 

1 

1 

1 

1 

-J 

fix 

C  si 

U  ) 

pH 

in 

pH 

rO 

'0 

CJ 

v  a 

r~ 

CM 

L\J 

l  ; 

« 

1  4 

co 

■tf- 

pH 

vTl 

lp 

ro 

fTN 

ro 

X- 

<r 

pH 

• 

ro 

• 

* 

Q_ 

r-ft 

CM 

CM 

CM 

cm 

CM 

rH 

pH 

1 

1 

1 

i 

O 

u  > 

« 

* 

* 

43 

11 

II 

it 

II 

i 

i 

i 

r 

i 

i 

i 

1 

1 

1/1 

• 

o 

CL 

— 1 

-J 

cm 

3 

U- 

Ll. 

L*J 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

MD 

(T> 

O'j 

CM 

O 

%*J 

■oJ 

-J 

CO 

<r 

r** 

O' 

ip 

CO 

-D 

CM 

p-4 

K 

pH 

CM 

in 

pH 

a. 

a 

o 

ft-* 

CJ 

in 

03 

\L 

CM 

L 

CD 

ro 

CM 

i 

• 

ro 

• 

• 

o 

a 

ri 

H 

CM 

CM 

CM 

pH 

pH 

i 

9 

1 

Li 

u) 

• 

o 

ft- 

CL 

i 

i 

i 

• 

i 

i 

i 

i 

O 

9 

o 

*1 

< 

< 

a 

• 

* 

o 

O  o 

» 

cn 

< 

•  * 

l 

X 

44. 

• 

• 

• 

• 

t 

• 

• 

• 

• 

• 

• 

h 

LJ 

a 

_i 

a 

H- 

X 

CM 

<t 

O) 

00 

a 

CM 

Ml 

<* 

'M 

'L 

-J 

p 

-j 

a 

o 

c 

u 

03 

X 

0. 

u 

H 

CM 

rO 

vO 

X 

O' 

H 

<o 

in 

pH 

Ll 

o 

o 

>- 

o 

< 

-kJ 

—J 

z 

pH 

pH 

pH 

ft— 

O 

LJ-I 

-i 

o 

— 1 

CJ 

_J 

ll  1 

c 

Q 

k-4 

Pi 

n 

•  ^ 

.  1 

-J 

V.  V*  AT  V.V.  "V"  • 


m 


SS§ 


at 

m 


$$$ 

vv/ 

•>vv 

v  vV 
■>>V 

,r  j  <«  *\ 


ftp® 

m 

&mS 


■vjs 

Sftfc 


r^w«^^^i<SKV7WKSCvs»: 


i® 

Eft 


HDUSTC.S  BILE  liRCUP  STUOY 

FIELD  OATA  FROM  LATERAL  LOAD  TEST  OF  MAY  17.  198* 


i,* 


ftS» 


I 


iSJ 


m 

o 

«  «  «  z 


*r 

X 

o 

ro 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

• 

to 

<N 

AN 

3* 

C9 

*4 

fA 

* 

vn 

vO 

—4 

rrs 

rn 

At 

NO 

N' 

A- 

l.l 

*t 

r* 

<N 

fts 

O 

— j 

»o 

VJ0 

Al 

• 

<N 

• 

(A 

«r 

H 

CM 

CM 

CM 

NO 

K1 

Al 

CM 

H 

in 

<3 

Ul 

1-4 

UJ 

n 

-1 

• 

UJ 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

NO 

r- 

o 

O 

IL 

CO 

_l 

J 

UJ 

NO 

CM 

♦ 

NO 

«N 

* 

K> 

NO 

in 

NO 

M 

N-4 

H 

H 

A- 

no 

C0 

in 

O' 

ao 

i-4 

<0 

CM 

• 

<r 

• 

0. 

CL 

H 

H 

CM 

CM 

CM 

<M 

CM 

H 

H 

o 

in 

• 

1 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

NO 

'0 

'M 

_l 

CM 

♦ 

O' 

in 

a- 

CM 

O 

CO 

in 

CM 

NO 

M 

X 

♦ 

O 

in 

CT- 

H 

o 

A* 

CM 

CM 

M> 

CM 

• 

<r 

• 

CL 

•-4  CM 

CM 

CM 

NO 

NO 

CM 

CM 

H 

CD 

»o 

CO 

• 

1 

Uj 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

NO 

•"*4 

-j 

CM  CM 

M3 

in 

lO 

in 

m 

O' 

O' 

CNJ 

i-4 

NO 

A- 

M 

O  M>  KJ 

A* 

i-4 

fO 

CM 

33 

H 

H 

U) 

CM 

• 

<r 

• 

</i 

CL 

rM  CM 

cm  n 

NO 

lO 

CM 

CM 

H 

o 

o 

-1 

to 

o 

_J 

CL 

• 

oo 

1 

CL 

o 

5C 

»U 

• 

in 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

H 

O' 

(T* 

F-4 

1 

-j 

N*. 

00 

r-\ 

<1- 

to 

-a 

-4 

NO 

o 

in 

to 

A. 

V 

o 

X 

M 

u. 

30  CM 

vn 

i-4 

H 

A- 

CM 

O'  — 1 

<M 

• 

<#• 

• 

< 

u  a. 

*-l  CM 

cm  —> 

n 

CM 

CM 

fH 

H 

C3 

vO 

• 

o 

z 

O 

_l 

_l 

M 

• 

-I 

i 

UJ 

UJ 

*  UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CM 

1 A 

III 

<_> 

_j 

00  _l 

o 

o 

r* 

00 

vO 

Ml 

a- 

in 

CO 

N- 

NO 

NO 

CM 

►«4 

»- 

N-l 

u. 

UJ 

H 

vfl 

NO 

i«» 

CM 

in 

t4 

N» 

i\J 

• 

• 

o 

a_ 

z 

Q_ 

«M 

CM 

NO 

NO 

no 

CM 

CM 

r  ■* 

vA 

UJ 

<  1 

o 

u. 

X 

• 

-1 

o 

o 

1 

X  Ul 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

ft 

N- 

-r 

13 

X 

_j 

o 

O 

♦ 

O' 

O' 

NO 

v0 

30  m  vo 

to 

NO 

H 

H 

3 

tn 

CO 

c 

c 

I 

£ 

o 

<*■ 

N- 

CM 

*4 

A- 

CM 

fO 

\D 

CM 

• 

ft 

• 

m 

#A 

Ul 

1. 1 

Z  CL 

CM 

CM 

CM 

NO 

NO 

CM 

CM 

r-% 

in 

T 

X 

*■4 

o 

X 

X 

o  u 

o 

• 

o 

C3 

z 

z 

1 

tr 

Qf 

V-l 

►-4 

UJ  UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

« 

• 

«* 

'C 

a. 

U- 

UL 

to 

_i 

NO 

Q 

H 

m 

O' 

in 

uo 

O' 

M) 

A* 

TO 

r-4 

4* 

H 

* 

•-4 

<_>  ♦ 

iJ 

in 

O' 

r* 

O' 

o- 

vD 

CC 

CM 

• 

<t 

• 

o 

<r 

vD 

CL 

— 1 

CM 

CM 

CM 

NO 

NO 

CM 

rsj 

«n 

*«4 

GO 

H 

r  » 

• 

• 

H 

00 

• 

tr 

EM 

K) 

CM 

1 

<r 

in 

• 

t 

u 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

NO 

NO 

sO 

-J 

r- 

O' 

ft 

Nj 

vO 

A* 

»n 

in 

N* 

O 

NO 

in 

0> 

M 

CD  (M 

cr 

TO 

an 

tr* 

CO 

in 

no 

CM 

m 

— 4 

• 

• 

Q. 

H 

•-I 

CM 

CM 

CM 

CM 

CM 

CM 

H 

CP 

m 

o 

n 

n 

II 

ii 

o 

o 

• 

«-4 

Ql 

_l 

_i 

1 

H 

3 

lL 

u. 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

t 

• 

♦ 

CO 

MD 

CM 

O 

uJ 

*jJ 

-1 

v0  CM 

00 

O'  o'  O'  'O 

r» 

* 

M) 

CM 

NO 

o-4 

A* 

tr 

Q 

Q 

H 

< 

rH  s0 

O' 

<■ 

o 

^4 

CD 

cm  n 

A- 

CM 

• 

<t 

• 

• 

o 

Q. 

r4 

H 

H 

CM 

fO 

NO 

CM 

CNJ 

H 

O 

ft 

• 

CL 

O. 

c> 

O 

-c: 

z 

< 

< 

o 

• 

z 

o 

CJ 

CJ 

•  00 

< 

*• 

t 

lj 

X 

Uj 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

J 

Q 

— 1  o 

A- 

I- 

H* 

i 

CM 

<f 

sO 

co 

O  CM 

v0 

♦ 

CJ 

u> 

-J 

-1  CL 

Q 

< 

o 

<* 

00 

CO 

CL 

o 

H 

CM 

m 

♦ 

M)  A- 

00 

O' 

NO 

in 

H 

U.  O 

<1 

O 

>■ 

o 

< 

Ul 

UJ  Z 

H 

i-4 

H 

N- 

o 

-d 

-J 

w> 

-J 

o 

_J 

1.1 

Jl 

O 

M 

A 

o 

LA 

_J 

.1  ..i-,  itt 


."jniK  ">  "jr  t\jc  rjfrjram  sranur*  wtvwit*  mtv^  y^TOTvrynTVY^Viv.v^\v.  v^v-v.^viv.  vw\  v 


«er 

X 

t  ) 

ro 

• 

• 

• 

• 

• 

• 

• 

9  • 

• 

• 

,n  h- 

<r 

3* 

c* 

HO 

CM 

CM 

pw 

<f  H- 

r** 

ri 

rvi  h-i 

N- 

T 

1. 1 

•> 

~4 

n 

<H 

HO 

P7S 

<*•  r- 

K> 

1 

•  m 

• 

UJ 

CO 

«* 

«H 

CM 

AJ 

C| 

Al 

H 

H  | 

1 

1  r*> 

& 

h- 

'0 

►H 

UJ 

i 

i 

t 

1 

1 

i 

1 

i 

o 

1 

a: 

J 

O 

« 

* 

« 

z 

lij 

UJ 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

H~  (M 

in 

n 

LL. 

TO 

-J 

-J 

nO 

H 

in 

r- 

h- 

■H 

4t 

rr»  cm 

CO 

HO 

CM  CM 

H- 

*H 

M 

*H 

<r> 

CM 

vO 

00 

CM 

xO 

X 

Ci  H— 

<M 

l 

•  *o 

• 

CO 

CL 

a. 

1 

H 

H 

H 

Cl 

CM 

•H 1 

rH  | 

i 

1  o 

HO 

O' 

i 

• 

1 

1 

1 

1 

1 

o 

1 

rH 

• 

* 

ui 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

vf>  ^ 

<t 

tO 

HO 

tO 

HO 

r* 

rH 

*■  CM 

HO 

rH 

t\l  D 

rH 

*H 

X 

«H 

h- 

CM 

in 

MJ 

<t 

C.O 

<r  h* 

CM 

•  HI 

• 

a. 

i*4 

H 

r\j 

CM 

CM 

<M 

CM 

r4  | 

1 

1 

■J* 

>- 

t 

t 

1 

i 

| 

i 

| 

1 

1 

<r 

T* 

i.i 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

uO  ^4 

H 

>- 

u. 

-i 

C> 

CM 

00 

CM 

O 

<r 

r4  U 

r- 

0 

04  (M 

o 

o 

tO 

►h 

o  o 

m 

O' 

OJ 

-T 

CM 

O 

in  aO 

HO 

1 

•  HO 

• 

7> 

a 

H 

CM 

CM 

CM 

tM 

H  | 

i 

• 

►— 

H 

_J 

00 

i 

1 

1 

i 

| 

i 

i 

« 

1 

c/> 

tO 

-J 

a 

00 

iJ 

a. 

1- 

a. 

u 

*: 

Ui 

• 

• 

• 

• 

• 

• 

• 

»  • 

• 

• 

in  r-' 

CC 

ro 

-* 

i 

-1 

or 

'D 

»-4 

n 

r~4 

H0 

rjJ  >^i 

'T 

t  1 

-Tv 

r? 

rj 

* 

n 

X 

►H 

LC 

CO 

rH 

r- 

'O 

o 

<r  •H' 

rj 

9  -n 

• 

rtf 

«r 

a 

Q. 

t 

H 

rg 

CM 

rsi 

<-g 

AJ 

rH  | 

1 

O 

o 

•> 

3 

z 

• 

1 

i 

i 

l 

• 

i 

o 

_i 

_i 

J 

PH 

Ui 

_J 

-1 

-j 

ul 

«.l 

•» 

(•i 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

H*  */ 

HO 

►H 

-< 

O 

_J 

00 

-i 

in 

HO 

vM 

O' 

o 

■  o  CD 

4t 

tO 

cm  <#“ 

O' 

a. 

UET 

M 

K 

M 

i.i 

in 

O' 

r^> 

CM 

rj 

ho  r- 

HO 

1 

•  H  ) 

• 

Ul 

o 

n 

a- 

—4 

•  -4 

r\i 

Cvi 

rM 

—4 

i 

1 

•  .  . 

,n 

V- 

u< 

• 

l 

i 

• 

1 

• 

l 

• 

1 

o 

< 

J 

u. 

X 

• 

►- 

-J 

_J 

o 

o 

vj 

X 

UJ 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

■3-  X 

CM 

3 

r 

<3 

jr 

-1 

tn 

♦ 

CT> 

1-4 

CM 

Ar 

r- 

in  o' 

CC 

o 

CM  Cl 

Pr. 

o 

o 

K-4 

3 

i/) 

</> 

<3 

M 

ro 

r1! 

IT. 

CO 

•M 

CM 

H 

cc 

<*■ 

CM 

1 

•  HO 

9 

X 

rr 

rr 

r/> 

l.l 

lit 

Z> 

O- 

— * 

^4 

fvl 

CM 

CM 

^■4 

*4  1 

1 

1  rn 

Ic 

T 

T 

*-« 

1 

1 

1 

1 

1 

• 

1 

1 

• 

X 

X 

U 

U 

a 

< 

o 

o 

2 

z 

H- 

or 

o' 

PH 

PH 

i*  * 

Ul 

0 

• 

• 

• 

• 

• 

9 

•  • 

• 

• 

in  h- 

H 

<3 

u_ 

u. 

co 

-i 

K> 

H 

cc 

\0 

IT 

M3 

pH  CM 

•H 

3) 

cm  in 

o 

rH 

>-« 

u 

*M 

vO 

M3 

CM 

f»  kU 

CM 

•  H0 

• 

»n 

HO 

«r 

n 

A 

CvJ 

CM 

CM 

CM 

CM 

H  1 

• 

f 

r  0 

.c 

X 

<r> 

1 

1 

1 

1 

| 

1 

1 

1 

o 

1 

-J 

• 

• 

X 

r» 

u  - 

'O 

c  J 

CM 

CM 

h- I 

* 

r 

• 

• 

Ul 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

HO  X 

M3 

U_ 

1 

1 

1 

1 

-J 

—4 

CT 

ID 

cr 

CG 

CO 

HO 

rH  -H 

U  u,' 

f7N 

♦  H 

CD 

HO 

CD 

r^i 

M* 

CM 

ON 

HO  •TO 

m 

H 

•  CM 

• 

a. 

H 

eg 

eg 

f\i 

og 

H 

•H  1 

i 

i 

1  O 

• 

« 

*-3 

II 

II 

II 

h 

i 

i 

1 

J 

1 

| 

i 

i 

1 

O 

• 

H 

a. 

-J 

_J 

<M 

3 

u_ 

u. 

ul 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

M0  rH 

■o 

CM 

J 

Ui 

Ul 

_l 

CM 

•* 

in 

r-f 

c 

O' 

rH 

rH 

eg  m 

O' 

a: 

o 

3 

M 

< 

CT 

<r 

CO 

\D 

to 

♦H 

X 

HO  A- 

CM 

i 

•  HO 

• 

• 

o 

Q_ 

^4 

rH 

H 

CM 

CM 

CM 

rH 

•H  1 

1 

1  O 

* 

• 

O 

a 

Q. 

i 

i 

i 

i 

i 

i 

1 

1 

o 

1 

O 

2 

z 

•« 

« 

o 

• 

*» 

o 

o 

CJ 

* 

(/l 

<r 

•  • 

X 

tu 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

h* 

a 

—1 

Q 

K 

►- 

►- 

X 

CM 

<»■ 

t0 

35 

o 

eg 

4* 

\Q  <t 

tM 

g; 

-J 

2 

-J  Cl 

o 

< 

U 

< 

V) 

to 

a. 

a 

CM 

HO 

M3 

CD 

O'  -4 

m 

in 

PH 

U.  O 

< 

o 

>“ 

O 

•  J 

u> 

z 

rH 

*H 

rH 

H- 

o 

UJ  _l 

o 

-J 

<_> 

_J 

1. 1 

Jt 

Ch 

PH 

ri 

a 

Q 

-J 

22 


^ a*y j*  *  •  •  *  •**  »**  •* 


vVW  V  V  .« V  V'.*  V  w  *.-*.•  v  • 


*  .  ■  ,'-  J,-'*  k  *  _  ■  k 


HOUSTCN  -PIl.E  6R.UP  STUDY 

FIELD  OATA  PROH  LATLRAL  LOAD  TEST  OF  4AY  17#  1984 


X 

u 

ro 

•  • 

• 

•  •  • 

• 

• 

•  • 

• 

eo 

«f*  fTN 

<r> 

X  ♦<■  f- 

CM 

n 

n  ♦ 

4 

1  I 

:» 

ro  m 

ro 

en  — i  m 

on 

ro 

K- 

CM 

10 

<* 

H  H 

CM 

<\l  K)  K) 

CM 

CM 

H 

ui 

km 

u 

_J 

UI 

ui 

•  • 

• 

•  •  • 

• 

• 

•  • 

• 

a. 

ro 

_l 

_i 

X  O' 

O 

♦  mo 

in 

ro 

fK  K. 

v/) 

KM 

KM  l 

KM 

O  X 

ro 

oo  in  o 

o 

O' 

>n 

CM 

CL 

Ql 

H  rM 

CM 

cm  cm  n 

rM 

rM 

tu 

•  • 

• 

•  •  • 

• 

• 

•  • 

• 

-J 

O'  O' 

♦  in  in 

X 

fK 

<M  (N 

KM 

IN® 

00  .H  r-» 

X 

ro 

<r  pk 

OJ 

0. 

rM  rM 

CM 

CM  ro  ro 

CM 

tM 

H 

Ui 

•  • 

• 

•  •  • 

• 

• 

•  • 

• 

_/ 

O'  00 

«• 

h  m  n 

0 

C-» 

M3  vD 

rM 

KM 

o 

♦  rM 

X 

j  ♦  m 

O' 

rO 

CM  X 

CM 

C/1 

a. 

CM 

C\J 

ro  ro  ro 

CM 

CM 

rM 

-j 

(/) 

_j 

a 

00  '  J 

KM 

a.  o 

*:  ui 

•  • 

• 

•  •  • 

• 

• 

•  • 

• 

M 

i  -i 

(T»  O 

♦ 

V*  '  )  X 

X 

r-  ro 

to 

x  a 

r  h  it 

r»  cm 

X 

H  O  K 

ro 

0\ 

W  X 

CM 

u  a. 

CM 

CM 

ro  ro  cm 

CM 

r4 

rM 

-  o 

-r 

-J  _i 

NM 

•1 

4-1  Ui 

K  |,| 

•  • 

• 

t  •  • 

• 

• 

•  • 

• 

U  _l 

CO  _l 

00  M3 

CM 

id  cm  r 

rM 

TK 

»n  to 

X 

M 

►—  KM 

1*1 

<*-  O' 

in 

cm  jo  m 

ig 

in  x 

CM 

o  a. 

^  a. 

-4  rM 

CM 

moo 

rvi 

CM 

•-4 

«* 

ui 

u>  u. 

X 

-J  CO 

C  J 

Ju  Ui 

•  • 

• 

•  •  i 

• 

• 

•  • 

• 

a  x 

_i 

<r  <r 

CM 

N  «  ® 

in 

m 

H  (J' 

rO 

*-• 

00 

</> 

IB  H  O 

♦  O' 

<r 

N  CM  rM 

K* 

rO 

<f  0 

CM 

m  #/> 

l.l 

l.l 

■=»  ft- 

rM  rM 

CM 

cm  »o  ro 

Of 

tM 

rM 

T* 

T 

IM 

X  X 

o 

<_> 

o 

o  o 

X 

z 

X 

Ct  Of 

M 

H 

b  UI 

•  • 

• 

•  •  t 

• 

• 

•  • 

• 

U-  u. 

CD  _l 

♦  rM 

CNJ 

h  o  ♦ 

fK 

CM 

fK  <* 

u 

>o 

KM 

U  K)  ff' 

<r 

X  CM  CM 

a 

vD 

o' 

ro 

cy* 

ro 

n 

* M  rl 

CM 

cm  m  m 

rO 

CM 

rM 

O'  K1 

in 

•  • 

CO 

-0  flD 

lO 

CM 

♦  <r 

• 

• 

•  • 

• 

•  •  • 

• 

• 

•  • 

• 

_i 

CM  vO 

eg 

m  X  o 

Cfj 

tJ> 

JN  0D 

*■ 

KM 

ao 

rM 

CM 

n.  cr*  ro 

vD 

rO  vD 

rM 

a. 

kM  rM 

CM 

CM  CM  in 

CM 

CM 

rM 

o  »•  II 
O 

II 

ii 

cm  a. 

J 

-1 

-•  o 

u. 

u_ 

aJ 

•  • 

• 

•  •  • 

• 

• 

•  • 

• 

o 

UJ 

■uJ 

-i 

in  eo 

ro 

♦  ®  X 

ro 

CM 

PK  ® 

P"» 

or: 

n 

o 

KM 

<  C3  * 

CD 

in  O'  i-i 

(JX 

<r 

+  CO 

eg 

•  o 

fl- 

rM  rM 

rM 

cm  cm  ro 

CM 

CM 

H 

o 

u. 

a. 

-X  z 

< 

< 

o 

o 

o 

•  C/1 

u- 

X 

•  • 

• 

•  •  • 

• 

• 

•  • 

• 

^0 

-J  o 

H- 

►- 

1-  X 

eg  «r 

to 

CD  CJ  CM 

sO 

<  CM 

o  < 

</> 

l/l 

a.  o 

-*  <M 

K1 

r  x  r~ 

GO 

O' 

rM  IO 

*n 

>■  o 

< 

ui 

UJ  Z 

rM  rM 

rM 

(J  -J 

i.l 

-I 

CO  KM 

4-  rg  k 

K>  #r» 


*  vfl 

m  >o  rr 

•  4  • 

O 

o 

• 

I 

in  x  m 

K>  ID  O 

•  4  • 

ID 


J*  4  ^4 

r*)  iTJ  rO 

•  4  • 

O  s£) 
O 


rg  rj  .jo 

►n  C\f  'O 

O  vO 

o 

• 

I 

f  <t  CD 
K1  4  S 

•  <t  • 

.  >  to 

£  > 

• 

I 

CM  (7s  CM 
»OhIO 

•  4  • 

r-»  ;H 


I 

vH  CM  t-h 

rO  K)  a 

•  4  • 

*  »  in 

r» 


M1  00  t 
r)  Ml  CM 

•  <t  • 

o  in 
o 

• 

i 

l/l  (VJ  (TN 
K)  W  H 

•  M“  « 

o  •*- 

o 

• 

••  I 

h-  uJ 

j  Q.  o 
km  u.  o  < 
ofl  JO 

n  O  ■/>  -I 


HUSTON  PIl£  ?  JP  oTJOY 


lr«SO.»4 

IStfS 


O  »»•  *-4  U! 


IJ  l u 
_l  J 


»  « 

UJ 

« 

_i 

—4  « 

M 

« 

a. 

>-  « 

«  « 

T  « 

« 

Ul 

IX.  « 

_i 

O  ♦ 

>-i 

« 

t/> 

a. 

»—  « 

-J 

C/) 

/)  * 

-J 

a. 

►  o  « 

•  1 

>— i 

*->  * 

CL 

u 

^  UJ 

« 

»  « 

i  -i 

O  « 

o 

r 

<  * 

O’ 

U  £L 

n  % 

» 

o 

.2 

-i  « 

U 

-J 

k  4 

* 

-J 

j  * 

»•  i 

1 

•  lo 

<  « 

o 

-J 

01  J 

rr  « 

*-• 

1  •  •— « 

«. J  « 

o 

n 

^  a. 

»—  * 

Ill 

<  * 

o 

u. 

X 

J  « 

-1 

CD 

o 

« 

X  Ui 

X  * 

a 

X 

-1 

« 

►  < 

TD 

c/> 

CD  n 

nr  « 

ec 

</> 

LJ 

Ui 

^  Q> 

U  « 

X 

X 

M 

♦ 

X 

x 

o 

CJ 

o 

<  * 

o 

o 

•m 

4L.T 

►—  « 

a 

(X 

V  1 

M 

l.J  uJ 

<1  « 

u. 

LX. 

CO  J 

Q  « 

H 

h* 

»  -4 

« 

r**- 

in 

CT> 

<*■ 

a 

i">  4i 

.TN 

31 

ro 

-J  * 

• 

• 

vX3 

r» 

~J  « 

H 

GO 

eg 

cM 

r-H  * 

ro 

• 

• 

W »J 

Lx.  « 

1 

I 

i 

1 

-1 

41 

M 

« 

LL 

*  « 

O  II 

ll 

ll 

II 

o 

f'JU.  -J  — J 

eg  ^  U-  ll 

OJ  vJ  Ui  L. 

OL  O  Q 

•  O 

•  vj  a.  n 


UJ 

o 

(_)  CJ 

X 

C/1 

L.5 

O 

-J 

O 

I-  *- 

►- 

X 

<_> 

«c 

01  01 

a. 

U 

o 

>- 

O 

<  UJ 

u-i 

-J 

CJ 

-J 

cJ  3 

ri 

►  4 

• 

O 

• 

ro 

• 

h* 

• 

• 

m 

• 

Ol 

• 

r-i 

• 

r  i 

• 

vO 

• 

rr 

• 

OJ 

r~> 

4t* 

m 

Ol 

K' 

m 

T 

it- 

r- 

<*! 

1 

r4 

H 

H 

rg 

CM 

OJ 

r-4 

1 

• 

i 

1 

1 

1 

i 

1 

1 

i 

• 

vO 

• 

in 

• 

in 

• 

•n 

• 

& 

• 

«* 

• 

• 

m 

• 

f— 

• 

O' 

• 

OJ 

® 

o 

vT 

m 

o- 

OJ 

K- 

OJ 

1 

i 

H 

r4 

H 

CM 

eg 

•  4 

i 

i 

i 

1 

i 

1 

l 

i 

1 

• 

• 

•-4 

• 

+~4 

• 

no 

• 

OJ 

• 

H 

• 

10 

• 

C3 

• 

• 

ro 

• 

o 

O 

in 

O 

K' 

»(i 

fTN 

■3- 

OJ 

H 

r4 

(M 

OJ 

'g 

H 

^4 

1 

1 

1 

1 

1 

1 

1 

I 

1 

1 

• 

H 

• 

O' 

• 

• 

O' 

• 

fO 

• 

H 

• 

• 

O' 

• 

O' 

• 

'0 

• 

o- 

cr 

H 

® 

o 

ro 

>n 

7s 

<r 

Or 

rO 

1 

1 

H 

H 

eg 

CM 

CM 

H 

r~4 

• 

( 

1 

i 

1 

1 

i 

i 

1 

• 

u*r 

• 

n 

• 

''i 

• 

ej 

• 

0 

• 

J'i 

• 

r 

• 

If) 

• 

• 

• 

'«4 

m 

rrv 

lo 

»n 

O' 

-sr 

h- 

>o 

1 

i 

H 

Oj 

tM 

eg 

H 

1 

| 

i 

i 

i 

i 

i 

i 

1 

• 

O' 

• 

m 

• 

m 

• 

O' 

• 

eg 

• 

ul 

• 

• 

• 

NO 

• 

rO 

• 

X 

ro 

r*- 

v  g 

n 

OJ 

*-4 

K) 

r^- 

ro 

1 

OJ 

OJ 

r\l 

t'J 

•—< 

1 

• 

i 

1 

i 

• 

1 

• 

1 

i 

• 

H 

t 

o 

• 

* 

• 

o 

• 

00 

• 

• 

*-4 

• 

ro 

• 

'D 

• 

• 

•-4 

O 

r ^ 

o 

«-• 

•H 

an 

e- 

rj 

1 

H 

*u4 

•—4 

rg 

OJ 

rj 

r-4 

i 

i 

1 

• 

1 

l 

I 

1 

i 

1 

• 

CO 

• 

• 

• 

CO 

• 

00 

• 

H 

• 

CO 

• 

CJ 

• 

4- 

• 

CM 

• 

r- 

<r 

O' 

m 

in 

n 

r-4 

r- 

X 

CJ 

• 

^4 

•-4 

OJ 

Ol 

Oj 

iM 

r  4 

1 

1 

1 

1 

i 

1 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

J3 

in 

CO 

in 

XJ 

o» 

■  4 

m 

.  g 

O' 

rO 

vf) 

cr\ 

OJ 

rO 

*~4 

rO 

o' 

rO 

H 

CM 

eg 

iH 

*—4 

i 

1 

i 

1 

i 

i 

•1 

i 

1 

i 

1 

• 

H 

• 

ao 

• 

• 

• 

o 

• 

if) 

• 

O' 

• 

h- 

• 

oo 

• 

• 

Cj 

cr 

CM 

>0 

eg 

vi 

® 

ro 

f) 

CJ 

i 

H 

r-l 

eg 

eg 

eg 

•-4 

H 

i 

1 

i 

1 

i 

■ 

i 

i 

i 

• 

eg 

• 

+ 

• 

sO 

• 

C0 

• 

o 

• 

eg 

• 

• 

si3 

• 

4* 

• 

CM 

• 

D 

rH 

CM 

K) 

4" 

\D 

h' 

c 

O' 

r-4 

rO 

in 

r-4 

H 

r4 

.-t-  — <  r  j 

aj  r-.j  »o 


I  O  .*■ 

n  i 


vD  <f  in 

n  o 

•  ro  • 

I  m  ro 
O  I 


in  r-  r 

eg  m  *-g 

•  K)  • 

•  O  ^ 

o  I 


^  ^ 
.  \J  J  r*'* 

•  rO  • 

I  _>  ro 
<  ^  « 


<r  O' 

~i  n 

•  rO  • 

I  •  *»  cf 

i  | 


rO  — 4  ul 
<si  rn  <r 

•  *0  • 

i  .!►  .n 

o  l 


fO  u  n 

eg  cm  eg 

•  ro  « 

•  o  <f 

O  I 


^  ri  r j 

eg  ro 

•  ro  • 

i  o  ■# 
O  I 


cj  0s  <s* 
c\»  r*  , 

«  N  • 

I  o 
o  I 
• 


6® 

$ 

iMi 

ll® 

^  COCWTBCWHjr 


?wniwwtiw)^nirwvjwnFiU'-.wrjrf>y  *j(  wj’y  mJi*y  's^y  ^  ?y*x\,r  »v  *yy*y*y ' 


$ 


X 

o 

o 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

m 

m 

40 

c*> 

in 

n 

n 

m 

vO 

r4 

•-4 

CM 

m 

in 

rrs 

l.l 

■> 

+ 

CM 

m 

^4 

rs* 

u* 

4f 

40 

• 

4*- 

9 

X 

15 

<r 

CM 

K1 

♦ 

n 

m 

* 

40 

CM 

•H 

O 

ffN 

4— 

(5 

Ui 

4-4 

IJ 

o 

or 

_» 

• 

o 

1 

« 

«  « 

* 

Li 

u 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

CM 

H 

« 

O 

u. 

CO 

_J 

_l 

■j) 

♦ 

m 

H 

CM 

40 

O 

^f 

0 

VS 

h- 

tf1  « 

*-4 

1-4 

»-4 

to 

O 

00 

K) 

O' 

m 

vO 

rj 

CM 

CM 

<f 

• 

r-. 

• 

Of)  « 

CL 

n. 

H 

K> 

n 

ro 

<»• 

♦ 

ro 

CM 

r-4 

o 

ro 

O'  « 

o 

H  * 

• 

1 

on 

*  * 

kJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

rr* 

&■ 

f-  « 

_l 

H 

CM 

40 

#• 

CM 

00 

m 

H  ♦ 

4-4 

X 

4T 

CM 

00 

H 

r-4 

M3 

CD 

40 

<M 

40 

• 

• 

* 

a 

IN  K1 

in 

in 

4f 

40 

C^vJ 

«— 4 

o 

rr* 

>-  * 

•') 

«r  « 

9 

y  « 

1 

* 

UI 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

fTv 

O 

,n 

>■ 

Ik.  « 

-i 

NO 

in 

o 

Q 

vO 

M> 

CM 

H 

00 

O' 

in 

CD 

o 

o  * 

M 

C3 

00 

00 

Ul 

O' 

<f 

K> 

r*> 

H 

H 

40 

• 

P- 

• 

3 

♦ 

09 

& 

CM 

>o 

n 

in 

in 

n 

40 

CM 

r-4 

c> 

r-4 

H* 

H*  • 

-1 

00 

•J 

r-4 

•  /)  </>  * 

_l 

a. 

• 

»il  « 

"> 

vj 

•-4 

1 

Ql 

h-  « 

a. 

u 

* 

u ; 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

s 

T 

3 

* 

♦  -4 

i 

_i 

m 

CM 

nj 

CM 

in 

*o 

S  p 

'O 

r-4 

in 

f  M 

i  > 

n  « 

x 

a 

X  *-i 

U. 

co 

co 

00 

<* 

if 

CM 

o 

Ul 

■•H 

rH 

<f 

• 

4u 

• 

ne 

<  • 

u  a. 

<M  K) 

in 

in 

in 

fO 

CM 

r-4 

O 

o 

o  « 

o 

z 

O 

r-4 

_J  « 

_j 

j 

*-4 

• 

Ul 

♦ 

-j 

1 

J 

_J  « 

•ti 

Ui 

i.i 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

cn 

CM 

O 

*-•» 

<  « 

o 

_J 

t/3 

_i 

in 

in 

rO 

K) 

CM 

Kl 

CM 

r-4 

i  J 

O 

iO 

m 

Ol 

QJ 

QC  « 

►  4 

u 

1—4 

IU 

ki) 

CM 

fO 

a 

u 

M) 

m 

in 

• 

n* 

• 

Hi  « 

Cl 

ft. 

z* 

n 

Oi 

ui 

»n 

in 

+■ 

40 

CM 

r-4 

o 

o 

J? 

k-  * 

<t 

Ui 

o 

•-4 

O  «t  « 

o 

u. 

X 

• 

_1  « 

_l 

T9 

o 

• 

ul 

* 

X 

Ui 

• 

« 

• 

• 

• 

♦ 

9 

• 

• 

• 

• 

£ 

<r 

Li 

3 

X  « 

15 

X 

_i 

in  kj 

in 

fO 

co 

CM 

CM 

o 

O' 

Ul 

in 

in 

o 

o  « 

H 

3 

in 

G9 

•9 

H 

o 

vO 

*-4  CM 

'0 

O' 

on 

40 

nj 

40 

« 

• 

X 

or  « 

m 

rA 

l.l 

lil 

cu 

CM 

40 

4 r 

in 

in 

m 

<f 

40 

IM 

O 

O 

ll  « 

*r 

X 

M 

o 

r4 

* 

X 

X 

o 

U 

a 

• 

«t  « 

a 

r> 

M- 

z 

z 

1 

U-  « 

a. 

VC 

1  1 

4-4 

U  Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

r-4 

<f 

m 

*1  « 

u. 

U. 

X  _l 

co 

O 

O' 

O' 

»-4 

in 

H 

h- 

M3 

<f 

M3 

Cl  « 

CM 

O' 

4-4 

(_» 

♦ 

♦ 

H 

r* 

** 

CM  O' 

CM 

O' 

M3 

• 

• 

« 

fO 

•-4 

.1 

<n 

Q. 

CM 

K1 

«r 

m 

m 

'f 

OJ 

n 

rn 

n  * 

r- 

-S' 

an 

r  » 

j  * 

• 

• 

x> 

ro 

• 

i.i  * 

r- 

O' 

in  m 

i 

M  * 

CO 

« 

• 

• 

ui 

• 

• 

• 

% 

• 

• 

• 

t 

• 

t 

• 

CJ 

in 

CO 

U  « 

—1 

u"> 

C* 

o 

—4 

oc 

r  j  o 

Mi 

o 

ro 

M3 

in 

J3 

* 

M 

CD 

•*4 

—4 

in 

n- 

^4 

in 

CNJ 

«r 

rO 

40 

• 

r- 

• 

♦ 

a 

CM 

fO 

rO 

#■ 

♦ 

in 

♦ 

CM 

•H 

a 

O' 

* 

<  « 

H 

II 

II 

ii 

ii 

u» 

O 

• 

O  Cl 

.J 

-i 

1 

^  3 

u. 

u. 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O' 

H 

X) 

fO 

o 

-J 

IJ 

_j 

h- 

IS 

♦ 

s0 

O' 

H 

CD 

n* 

CM 

Ul 

if 

cc 

Q 

a 

1-4 

< 

«L* 

to 

< 

CM 

CO 

m 

4f 

rO 

• 

h- 

9 

• 

o 

a. 

CJ 

CM 

Kl 

<* 

4* 

fO 

CM 

r-4 

CO 

• 

o 

O.  Ql 

CD 

o 

3 

z 

<c 

< 

Q 

• 

o 

o 

CJ 

*  l* 

< 

•  • 

1 

X 

u« 

• 

• 

• 

• 

• 

• 

9 

• 

• 

• 

• 

o 

4- 

Ui 

a 

_l  o 

H* 

k- 

X 

CM 

4T 

M3 

s 

L_> 

CM 

4 f 

M3 

x 

<M 

sO 

-1 

z 

-J 

a. 

Q 

< 

u 

« 

V)  </J 

CL 

u 

r-« 

CM 

(O 

«■ 

M3 

ao  O' 

H 

40 

If) 

4-1 

u 

o 

<. 

o 

>• 

o 

Ui 

Ml 

•y 

H 

H 

H 

K 

o 

-J 

— 1 

o 

_J 

t ) 

-1 

l.l 

J 

r> 

4—4 

A 

c» 

c) 

-j 

352 


*  a  ^ »  ' 


.-.“s' 


w, 

/VVl 

>>> 

»><* 


’  ■  k  I 

C  '  *  '  I.’ 


i  "  c'  O 


■  <*  I 


■\>Xv>.vX. 


HNUSTCl.  PILE  GR  STUDY 

c II  LD  DATA  'ROM  LATERAL  LOAj  TEST  CP  MAY  17,  1934 


I 

r  ) 

n 

• 

• 

• 

• 

• 

• 

• 

(,V 

n 

• 

• 

r Tv 

rrv 

m 

2 

IP 

<*■ 

OJ 

r\i 

p 

■H 

•rf- 

n 

r- 

OJ 

<r 

I- 

<#• 

<M 

in 

I.I 

d 

rr 

vP 

CM 

IO 

IO 

m 

rp 

cr 

• 

• 

<3 

CM 

OJ 

fO 

& 

rO 

ro 

—4 

i 

• 

1 

n 

cn 

U' 

►-« 

UJ 

i 

i 

i 

t 

1 

1 

i 

i 

1 

o 

i 

3 

• 

•U 

U 

% 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CM 

r^- 

H 

u. 

cn 

-1 

3 

o 

m 

O 

vP 

(7> 

O 

M) 

Cb 

n 

h- 

m 

•o 

*~4 

M 

M 

o 

in 

«~l 

CO 

IT' 

rO 

M3 

O' 

in 

H 

• 

M> 

• 

CL 

a 

<N 

CM 

K) 

K> 

ro 

ro 

CM 

i 

i 

i 

o 

ao 

1 

i 

1 

i 

• 

1 

i 

i 

1 

o 

• 

1 

(J 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

K- 

^  1 

3 

<r 

vO 

«3 

CM 

♦ 

<r 

M3 

H 

rO 

in 

in 

'O 

M 

X 

T* I 

O 

00 

K) 

M3 

in 

O' 

o 

P- 

r- 

r-^ 

• 

vU 

• 

a. 

rO 

K) 

<*■ 

rO 

KN 

r-4 

i 

1 

i 

cc 

1 

1 

1 

1 

1 

1 

1 

i 

1 

•3 

• 

1 

ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

(TV 

OJ 

an 

-1 

CM 

ao 

o 

<r 

00 

M3 

<r- 

rH 

CO 

t-A 

o 

O' 

rO 

X) 

rO 

O' 

in 

CM 

•3  O' 

CM 

• 

Ml 

• 

'/> 

CL 

•H 

CM 

K> 

>*• 

K) 

* 

ro 

lO 

CM 

i 

i 

i 

O 

3 

01 

i 

1 

i 

i 

t 

1 

i 

1 

i 

I 

a. 

• 

03 

lU 

a 

o 

* 

13 

• 

• 

• 

t 

• 

• 

• 

• 

• 

• 

• 

CP 

in 

CM 

.  - 

1 

3 

^■4 

O' 

CM 

C0 

r- 

» > 

O' 

o? 

CM 

»— > 

r  j 

it: 

a 

X 

i-i 

u. 

00 

c 

CO 

* 

r- 

o 

h- 

■M3 

ao 

w—4 

• 

vC 

• 

<f 

o 

CL 

f*-4 

ro 

ro 

<r 

<* 

in 

ro 

ro 

H 

1 

i 

1 

o 

rb 

» 

r> 

2 

• 

i 

i 

• 

i 

i 

i 

• 

i 

o 

i 

J 

.j 

►-4 

• 

_) 

i<  1 

i.i 

•> 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

"M 

u 

_i 

t/3 

3 

in 

H 

CO 

CM 

ro 

r> 

c-H 

4t 

<r 

M3 

h- 

fO 

H- 

M 

ui  « 

•H 

ro 

in 

C  t 

CP 

fl> 

IM 

• 

'iJ 

• 

ro 

r» 

o_ 

CM 

K1 

& 

<r 

<r 

rO 

K1 

.  4 

1 

1 

i 

0-3 

LJ 

i 

i 

1 

1 

i 

■ 

i 

1 

• 

1 

u. 

z 

• 

o 

3 

Z 

Hi 

• 

• 

• 

• 

» 

• 

• 

• 

• 

• 

• 

r- 

0 

O' 

tD  J“ 

3 

ro 

CM 

ro 

o 

in 

m 

<r 

r*- 

<*• 

H 

•H 

M 

3 

tA 

CO 

(9  H  Q 

o 

CM 

*-*< 

in 

Cb 

co 

H 

• 

S) 

• 

m 

trs 

i.i 

I.I 

7* 

Q_ 

CM 

cm 

IO 

ro 

4* 

fO 

— • 

« 

1 

i 

r“% 

an 

X 

X 

M 

1 

1 

1 

« 

l 

1 

i 

i 

i 

t  V 

f 

■x 

o 

u 

Q 

• 

o 

-» 

z 

2 

a. 

<r 

H 

M 

L.. 

u 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O' 

•d- 

o 

U- 

u. 

CO 

3 

00 

K> 

00 

CJ 

fO 

sP 

in 

<L 

rO 

O' 

in 

>-4 

u 

o 

o 

ON 

M3 

o 

r- 

ro 

«* 

ON 

1 

• 

J3 

• 

X) 

vO 

a 

CM 

fO 

PO 

in 

4* 

•if 

rO 

«4 

i 

1 

f  v 

cr 

m 

rO 

m 

1 

1 

1 

1 

1 

1 

1 

1 

1 

i 

i 

• 

• 

L  > 

<M 

• 

o 

r- 

m 

in 

00 

f- 

• 

• 

Uj 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

r- 

X) 

v0 

| 

1 

1 

i 

-J 

m 

X) 

GO 

< 

N0 

a 

CT> 

K'j 

K' 

r^) 

33 

X) 

M 

m 

H 

r> 

vl« 

<-4 

ro 

r^. 

nj 

rr, 

J\ 

CVJ 

• 

U  ) 

• 

a 

CM 

iO 

rO 

<r 

T 

rO 

ro 

x-4 

i 

i 

i 

rJ 

aC 

II 

n 

it 

H 

1 

1 

i 

i 

i 

i 

1 

i 

1 

w 

1 

Q. 

3 

-j 

3 

U. 

u. 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

ON 

rO 

ro 

3 

UJ 

3 

3 

0> 

CvJ 

* 

O' 

M3 

ao 

in 

h- 

Ml 

ro 

m 

<r 

ro 

vO 

QL 

Q 

a 

M 

< 

p- 

4* 

o 

U 

ac 

oo 

h- 

CL 

MJ 

<33 

H 

• 

X) 

• 

C3 

a 

H 

<M 

m 

ro 

ro 

•-4 

1 

i 

i 

o 

CO 

a. 

CL 

i 

i 

» 

i 

i 

i 

1 

i 

i 

o 

1 

Z 

< 

< 

a 

• 

o 

u 

CJ 

+  iA 

a 

•  • 

X 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

) 

UJ 

a 

i- 

H- 

L- 

i 

csj 

<r 

s0 

oo 

o 

CM 

M3 

CM 

s 0 

3  2 

-j 

a. 

a 

< 

1/1 

0, 

o 

3  CM 

fO 

M3 

r- 

03 

O' 

rl 

ro 

IP 

K4 

Ll 

** 

i 

< 

i*J 

U 

2 

H 

H 

rH 

r- 

o 

aJ 

3 

1 

I'J 

m 

o 

*— 1 

*r 

CL 

n 

IP 

_J 

?<SSSK§sll 


'.'Jvyww.vjwvTi 


:-l 


*r 

X 

<  > 

O 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

00 

vO 

in 

2 

CS 

rr 

r- 

m 

<*■ 

ro 

in 

m 

r> 

f?v 

r* 

in 

cj 

1.  1 

2* 

•H 

r  l 

on 

in 

m 

m 

o 

r* 

in 

ro 

* 

r- 

• 

T 

UJ 

IS 

CM 

m 

fO 

<r 

*■ 

<*• 

<*■ 

fO 

f\i 

H 

r  > 

ao 

H* 

C9 

»-4 

UJ 

o 

nr 

_J 

# 

o 

1 

« 

« 

2 

Ul 

u 

• 

• 

• 

• 

t 

• 

• 

• 

• 

• 

• 

C0 

oo 

03 

« 

o 

u_ 

CD 

_l 

_J 

<*• 

CO 

<n 

•o 

»» 

vfl 

K) 

CO 

r- 

m 

00 

m 

<r 

•0 

•» 

* 

H4 

H  M 

v0 

N* 

tn 

in 

H 

K1 

CM 

CM 

* 

• 

f- 

• 

co 

« 

0. 

CL 

H 

CM 

*> 

♦ 

K> 

♦ 

•#■ 

K) 

CM 

*4 

n 

K. 

O' 

• 

o 

* 

« 

Ul 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

fTN 

r-4 

CM 

r* 

« 

-1 

CM 

CM 

H 

o 

00  CM 

ao 

CM 

T- 

03 

♦ 

m 

<r 

O 

« 

*-4 

x 

o 

co 

ro 

vD 

CD 

tf) 

O' 

in 

ro 

• 

r- 

• 

« 

a. 

CM 

K) 

m 

* 

4T 

<* 

♦ 

ro 

<M 

*-4 

'■) 

CC 

w 

« 

•  x 

4 

« 

# 

s: 

« 

I 

+ 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

(TN 

<T 

n 

>•  u. 

«1 

_i 

MJ 

H 

u 

mb  in 

K) 

ro 

O' 

03 

in 

in 

in 

o  o 

« 

m  o  in 

MJ 

CM 

* 

® 

3 

•h  ro 

• 

• 

o 

* 

CO 

Ql 

CM 

K1 

♦ 

m 

m 

in 

in 

ro 

IM 

•-4 

o 

o 

t-  *- 

♦ 

3 

CO 

a 

r-4 

(/)  1/3 

« 

-1 

CL 

• 

UJ 

« 

V3 

UJ 

►  4 

i 

Q.  *- 

a. 

o 

l£  Ul 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

r- 

ao 

(T> 

3 

« 

M 

1  -1 

fM 

O' 

o 

O 

H 

nr 

<•3 

ro 

in 

in 

«.  i 

^4 

3  O 

♦ 

* 

n 

I  *•■« 

u. 

in 

in  rO 

CM 

H 

O 

o 

<M 

OJ 

in 

• 

r ^ 

% 

OC  < 

« 

•< 

O  CL 

CM 

K) 

♦ 

in 

in 

in 

ro 

CM 

H 

3 

fTN 

fO  o 

* 

•» 

o 

O 

H 

J 

« 

_» 

_i 

H 

• 

Ui 

• 

_i 

*  uJ 

i 

-4  -I 

« 

UJ  UJ 

• 

• 

• 

« 

• 

• 

• 

• 

• 

• 

• 

CO 

ro 

ao 

M  < 

« 

o 

-j 

in  _i 

13 

O'  m  in 

in 

in 

«-4 

CM 

m 

tM 

Oi  cc 

« 

M4 

h*  M 

14 

m 

f> 

h* 

CM 

ro 

in 

ao 

03 

in 

• 

r- 

« 

UJ 

« 

o 

a- 

2  a- 

rM 

m 

ro 

»n 

m 

+ 

ro 

CM 

—4 

r> 

GO 

2  V- 

♦ 

< 

UJ 

C3 

u  < 

« 

a 

u. 

X 

• 

*-  3 

« 

_J 

a 

o 

• 

UJ 

« 

X  ui 

• 

« 

• 

• 

• 

• 

• 

• 

• 

• 

• 

03 

c0 

an 

3  X 

* 

o 

X 

-i 

CO 

«H 

♦  in  O' 

in  k> 

K3 

in  m 

H 

in 

-4 

to 

o  o 

♦ 

M 

3  CO 

CO 

IB  H  O 

♦ 

m 

<r 

CO 

n 

♦ 

(TN 

ao 

♦ 

CM 

• 

w 

x.  nc 

41 

m 

1.2 

III 

^  ft- 

CJ 

fO 

<#■ 

in 

m 

ro 

CM 

o 

rr 

l« 

4 

T 

T 

fc— * 

r> 

« 

X 

X 

<_> 

o 

a 

• 

•* 

* 

o 

o 

2 

• 

*- 

« 

OC 

ft: 

M 

♦-H 

UJ  UJ 

« 

• 

• 

• 

• 

• 

• 

• 

t 

• 

• 

o 

•O 

<• 

4* 

♦ 

u. 

ix. 

m  -J 

C3 

vO 

O 

O' 

03 

in 

in 

ao 

<r 

■<T 

a 

03 

OI 

in 

Q 

« 

CJ 

•-4 

►-4 

U  CM 

O 

CO  « 

c* 

r- 

in 

-3 

O 

® 

vjO 

• 

r- 

• 

« 

m 

ir> 

•4 

4T 

CL 

CJ 

K1 

ro 

ro 

-4 

O 

ai 

O 

« 

r4 

'JO 

Ci 

n 

-J 

* 

• 

• 

r- 

m 

• 

fctJ 

• 

CO 

O' 

in 

in 

ui 

i 

H4 

* 

r- 

r- 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

t 

« 

O' 

La 

u. 

41 

vO 

K) 

s0 

CJ 

H 

in 

CJ 

•a- 

00 

ro 

i) 

L.O 

t*  * 

O' 

41 

*— « 

fQ 

«T> 

(TN 

CM 

tO 

(TN 

4f 

<  > 

ro 

lO 

.<1 

r- 

Ck 

« 

Cl 

r-*  <M 

fO 

<r 

4- 

<* 

ir 

CM 

•HI 

o 

ao 

«  « 

* 

in 

M 

ii 

n 

ii 

o 

o 

• 

O 

cx 

i 

-J 

1 

H 

3 

u 

u. 

u 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O' 

r- 

r^ 

K) 

O 

uJ 

uJ 

_l 

to 

O 

s0 

*■ 

O' 

03  O' 

CM 

O' 

K> 

m 

/> 

o 

03 

ct. 

CJ 

c 

»-4 

< 

CO 

v0 

fH 

cr 

in 

m 

ro 

m0 

in 

s 

r- 

4 

• 

o 

CL 

*-4 

CM 

ro 

ro 

♦ 

4T 

<r 

ro 

CJ 

H 

o 

• 

o 

CL 

c. 

o 

o 

2  2 

4X 

< 

o 

• 

2 

c 

o 

o 

00 

«* 

•  * 

1 

Ul 

x  ui 

• 

• 

• 

# 

• 

• 

• 

• 

• 

« 

V 

o 

H 

Ul 

a 

-J 

a 

H 

H" 

K  X 

IM 

♦ 

vO 

a) 

o 

CM 

IT 

03 

CM 

a> 

-J 

-1 

0. 

a 

■«t 

o 

«t 

</> 

in 

CL  U 

H 

CM 

fO 

♦ 

03 

00  O' 

**4 

ro 

in 

M 

u. 

o 

< 

CJ 

>“ 

o 

u 

uJ  2: 

H 

r-4 

H 

T* 

O 

IaJ 

4 

-J 

C) 

_J 

«.  t 

* 

o  ►-< 

<r 

CN 

o 

(0 

-j 

vx« 


RES 

saw 


KaM 


m 


m. 


& 


£< 

0! 


PX 


M 

'it, 


4-**,,"  *"-«*■#*»**,  f'  «»*,  •'  ■'  1  ,  ■  '  /  /',*’,*  •* 

1  Vm.^<2^Jyvr^!vlV^iL- Vu -•  Jv. jjo.C'jl'-  ^ 


v;  ✓;  ^.v/ 


*r 

X 

<  i 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O 

CTv 

'0 

r> 

nn 

r-4 

nr 

«-4 

r*. 

K- 

\0 

PO 

Ip 

h- 

t.i 

its 

>n 

It- 

r-s 

r\* 

an 

CM 

rr 

Tv 

rvi 

• 

vJA 

• 

X 

o 

H 

CM 

po 

<r 

<r 

ro 

m 

1 

1 

1 

fA 

L* 

M 

Ul 

i 

i 

I 

| 

l 

l 

i 

» 

1 

c » 

1 

cn 

_i 

4 

<o 

« 

« 

UJ 

Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

rO 

c~y 

o 

Ik 

no 

_l 

-J 

to 

p* 

<VJ 

cn 

CM 

Os 

i~> 

OJ 

X 

«n 

PO 

vO 

►-4 

♦  *4 

1-4 

«5 

HO 

O' 

O 

ON 

rO 

0 

H 

r^ 

r'l 

• 

0 

4 

nr, 

a 

a. 

H 

CM 

CM 

K) 

PO 

* 

ro 

ro 

—4 

i 

i 

I 

o 

r- 

O' 

i 

i 

1 

i 

1 

t 

i 

9 

1 

o 

9 

4 

» 

• 

m 

• 

• 

• 

• 

• 

• 

• 

• 

• 

—4 

rr 

0 

_i 

CM 

CM 

K) 

X 

X) 

in 

o 

‘0 

CM 

CTN 

H-» 

in 

in 

O' 

H 

I  4 

X 

O 

O' 

f-. 

CM 

in 

in 

r-i 

H 

CO 

r- 

H 

• 

U) 

4 

a. 

<N 

rj 

PO 

^r 

rO 

*•4 

l 

i 

f 

“N 

»** 

V 

9 

i 

1 

1 

i 

9 

9 

f 

1 

J 

1 

«t 

4 

3T 

1.  . 

• 

• 

• 

t 

• 

• 

• 

• 

• 

• 

• 

o 

tf 

r  > 

>- 

U- 

-i 

O' 

90 

O' 

ON 

ro 

O 

'-0 

ac 

« "J 

r-4 

in 

ll 1 

<-  J 

•—4 

Q 

O 

h-4 

to 

r*- 

CM 

ro 

H 

r- 

in 

ro 

•—4 

CM 

H 

n 

• 

X) 

4 

3 

CL 

H 

CM 

ro 

ro 

4- 

ro 

K) 

Cj 

H 

i 

t 

- 

►— 

►- 

_/ 

CO 

i 

i 

< 

i 

i 

i 

i 

t 

1 

i 

o 

f 

«/) 

c.O 

-J 

a. 

4 

»*  ■ 

V) 

ul 

>-<4 

a 

►- 

Q. 

O 

* 

Ui 

t 

• 

• 

• 

• 

• 

• 

• 

• 

• 

4 

n> 

n 

CM 

.  .* 

1 

J 

r-4 

"*> 

rt 

•> 

<n 

-T 

PO 

T 

in 

r 

o 

•  ) 

r  •* 

n 

■X. 

o 

T 

V  1 

LL 

x 

in 

O' 

-0 

c  * 

no 

X 

cr 

H 

• 

0 

4 

ul 

<x 

<t 

O 

CL 

H 

(M 

rO 

fO 

in 

ro 

rO 

H 

i 

1 

i 

•*> 

X 

•*5 

o 

•> 

o 

1 

i 

• 

i 

i 

i 

i 

i 

i 

n 

1 

j 

-J 

_J 

1-4 

4 

',  1 

_J 

-J 

_i 

1.  J 

ul 

(.  » 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

(Ts 

•  A 

i/A 

<i 

u 

_j 

'A 

-1 

'0 

O 

m 

rH 

o 

•O 

CO 

00 

CM 

XI 

CM 

m 

a. 

cr. 

►•i 

I— 

►  -4 

i*  ‘ 

CM 

(TN 

iT> 

PO 

CM 

tD 

<r*> 

—4 

4.  A 

HI 

• 

sD 

4 

1. 1 

o 

n 

n 

CM 

rvj 

HI 

•cr 

<r 

cr 

HA 

HA 

vi 

ri 

1 

• 

»  •* 

X 

P 

V- 

<1 

Ul 

i 

1 

1 

i 

l 

i 

1 

1 

i 

1 

-i 

1 

O 

< 

w 

u. 

X 

4 

_J 

_J 

o 

O 

c/> 

X 

i,  ! 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

co 

vM 

0 

n 

1 

C" 

3 

O' 

O' 

D 

r- 

o 

O 

po 

«~4 

T 

<M 

CC 

r> 

r> 

M 

3 

CO 

CO 

<3 

w« 

o 

cr 

SO 

CM 

*-4 

m 

r-> 

H 

o 

is 

OJ 

9 

0 

4 

X 

/V 

m 

f/> 

i.i 

I.I 

n 

*■■4 

rj 

PO 

>o 

cr* 

PO 

oi 

1 

I 

1 

O 

r- 

ll 

X 

X 

V-4 

1 

l 

• 

i 

i 

1 

i 

• 

I 

>  1 

i 

>. 

X 

o 

<_> 

n 

• 

< 

c« 

o 

p 

z 

►- 

a 

ae 

H 

•  » 

Li 

4 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

v  —A 

<M 

Ll. 

Ll. 

X 

-J 

»  4 

O' 

CM 

v0 

rO 

ro 

ro 

r- 

X 

H 

CO 

in 

m 

Q 

rO 

If) 

M 

U) 

O' 

h- 

M) 

PO 

r*- 

r- 

<r 

jJ 

r-4 

ON 

1 

• 

SO 

4 

m 

CM 

n 

<M 

PO 

•cr 

■cr 

<r 

<r 

m 

<  \4 

1 

f 

o 

O 

n 

♦ 

1 

1 

1 

i 

1 

i 

i 

i 

1 

.  1 

• 

J 

1 

• 

• 

fH 

PO 

4 

aJ 

PO 

a 

m 

in 

l-l 

• 

• 

4-J 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O' 

O' 

u. 

i 

1 

i 

i 

-J 

PO 

•-4 

C  J 

CD 

3 

cr 

r- 

i*  > 

<r 

—4 

CO 

CD 

r- 

O' 

CM 

m0 

an 

ro 

'  • 

fO 

• 

II  i 

4 

a. 

»-*  CM 

PO 

ro 

•tf* 

ro 

ro 

r4 

H 

i 

i 

Ui 

r- 

* 

* 

ji 

ii 

M 

n 

n 

• 

i 

i 

i 

i 

1 

i 

i 

i 

i 

o 

i 

c. 

4 

f  • 

a 

.j 

-i 

CM 

r> 

u 

u. 

uJ 

• 

• 

• 

• 

• 

• 

• 

* 

• 

• 

• 

o 

co 

u 

rO 

J 

ai 

Ui 

_j 

h* 

♦ 

ro 

<r 

r- 

m 

+• 

<r 

vO 

m 

CM 

X 

lL 

Q 

o 

H 

<. 

vfl 

CM 

X 

>i3 

■j 

in 

cr 

CO 

ro 

CM 

• 

XI 

4 

• 

a 

CL 

CM 

cm  cn 

ro 

rO 

ro 

CM 

H 

9 

i 

'-J 

r^ 

• 

o 

a. 

a. 

i 

i 

< 

1 

i 

i 

• 

i 

1 

1 

w 

i 

O  Z 

•* 

< 

< 

Q 

4 

z 

o 

o 

o 

• 

Ul 

•  i 

Ul 

X 

_  .J 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

■  ' 

h 

ui 

a 

-J 

o 

1- 

X 

CM 

MJ 

CO 

o 

IM 

<r 

CM 

Ml 

z 

-j 

CL 

o 

< 

o 

< 

</>  </> 

a. 

u 

CM 

m 

•*■ 

v0 

co 

IT 

H 

rO 

m 

H4 

U- 

o 

<x 

o 

V 

O 

< 

uj 

Ui 

H 

*~4 

•-4 

K- 

o 

UJ 

-J  o 

-1 

o 

_J 

•  *  1 

nr 

n 

*-4 

«r 

A. 

Q 

to 

-J 

HOUSTON  P-I LE  oTUQY 

FIELD  DATA  -ROM  LATERAL  LOAD  TEST  CF  HAY  17,  198H 


«  «  « 
* 


« 

*  ♦  * 


*T 

x. 

C  S 

n 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

i  ri 

vfl 

r» 

'D 

nn 

CM 

n 

CM 

—-4 

CT1 

r— 4 

CM 

x/1 

ro 

IC' 

r  i 

r^ 

i,i 

•> 

rr\ 

uT 

-<*■ 

n 

ir 

-n 

•o 

«~s 

r?' 

CM 

• 

»o 

• 

cs 

H 

CM 

rO 

«r 

m 

m 

Oi 

1 

I 

1 

r-'. 

e> 

u: 

►4 

L  1 

1 

i 

1 

1 

i 

1 

i 

1 

1 

o 

• 

_ 1 

• 

I J 

1.  1 

• 

• 

• 

t 

• 

• 

• 

• 

• 

• 

• 

ro 

'O 

H 

n 

U. 

T3 

-1 

-j 

K- 

<t 

x 

ro 

— h 

r-> 

'0 

h- 

cr 

in 

ro 

in 

H 

M 

*-4 

40 

(Tn 

in 

•  "i 

ro 

(T> 

*■4 

1*-. 

h- 

H 

• 

•0 

• 

ft. 

0. 

CM 

r\J 

CO 

<t 

rO 

ro 

H 

i 

i 

i 

•o 

i 

1 

1 

1 

i 

1 

1 

f 

• 

o 

• 

i 

Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

—4 

n 

_l 

H 

o 

r-4 

ro 

ft 

CO 

in 

CM 

o 

H 

r- 

n 

in 

tr 

M 

X 

n 

r- 

CM 

in 

in 

n 

CM 

cr 

t: 

H 

• 

'0 

• 

ft. 

CM 

«M 

♦O 

it 

»o 

rM 

9 

1 

1 

j 

1 

• 

1 

1 

i 

• 

• 

1 

1 

• 

i 

UI 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

—4 

CM 

-1 

X 

Cn| 

H 

CJ 

(T' 

o 

<M 

.-4 

r-4 

Ui 

,o 

C) 

H 

H 

o 

rj 

fO 

CM 

'0 

in 

CM 

H 

rO 

• 

X) 

• 

-ft 

a. 

H 

CM 

K> 

hT 

rO 

<t 

fO 

rO 

CM 

H 

1 

1 

_) 

_j 

i 

1 

i 

i 

1 

i 

1 

• 

1 

1 

o 

l 

_i 

a. 

• 

oo 

u 

M 

a 

o 

v 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

•  3 

r-4 

ro 

l  4 

1 

-j 

m 

ao 

o 

m 

-7N 

m 

• :  ’ 

in 

!• 

rO 

X 

* 

r» 

T 

*— t 

u. 

in 

ft 

r  D 

rn 

X 

rr. 

nr^ 

r4 

• 

'0 

• 

«* 

o 

a. 

H 

CM 

to 

rO 

in 

rO 

•O 

r4 

l 

1 

i 

-3 

r- 

» 

o 

Z 

1 

i 

1 

i 

1 

i 

i 

i 

i 

O 

i 

J 

_J 

1-4 

• 

-J 

*  >  i 

1,  J 

#• 

iu 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CTN 

MJ 

X 

o 

-J 

in 

_J 

uT 

O' 

in 

CM 

UC 

H 

<#* 

00 

■M- 

‘sO 

K) 

CM 

-n 

*-4 

fc— 

M 

•  ft. 

*M 

ao 

cTN 

ro 

ro 

n 

f 

CM 

t-3 

ro 

• 

f) 

• 

rj 

n. 

J* 

a. 

l\J 

r\i 

rO 

**■ 

<t 

K> 

m 

rv* 

— 4 

I 

I 

o 

n 

«x 

III 

I 

1 

1 

i 

■ 

I 

i 

9 

1 

i 

o 

i 

o 

u_ 

X 

• 

-J 

o 

O 

2 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CL 

Mi 

O 

X 

_J 

o 

fH 

Oil 

* 

r- 

ro 

CO 

'O 

H 

rH 

-r 

M 

"3 

GD 

iA 

<3 

*-4 

a 

o 

cj 

cr 

CM 

m 

*-« 

H 

(T- 

CM 

• 

• 

«r> 

(A 

1. 1 

l.t 

n 

CM 

CM 

K» 

m 

*r 

fO 

v~4 

1 

• 

t 

o 

r»- 

T 

T 

*~4 

1 

1 

i 

i 

• 

• 

I 

1 

« 

o 

i 

x 

X 

CJ 

«_> 

a 

• 

o 

— • 

z 

u: 

nc 

A-4 

r~-i 

u » 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

r  4 

‘M 

H 

u. 

u. 

CD 

-i 

an 

U  > 

o' 

<* 

CM 

CO 

O' 

vO 

ro 

CM 

r^- 

m 

in 

a 

cr> 

•—4 

o 

03 

r- 

Ul 

ro 

r^. 

CM 

a> 

I 

• 

0 

• 

rO 

rri 

r- 

rv 

rH , 

CM 

rO 

it 

<t 

<r 

fO 

<M 

a 

« 

n 

n* 

Ct) 

CO 

rO 

1 

1 

1 

1 

1 

• 

i 

a 

1 

o 

i 

• 

• 

CNJ 

ro 

• 

CM 

O' 

m 

in 

r* 

■0 

• 

• 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

cr 

X 

ro 

I 

1 

1 

i 

-J 

<.  * 

.  j 

« 

»n 

cr- 

U  ) 

i  i 

«i  i 

rO 

<r 

MJ 

1-4 

lO 

ON 

on 

r- 

(T\ 

<M 

r- 

flO 

<r 

r  i 

O 

fO 

• 

-  / 1 

• 

UL 

T-l 

CM 

ro 

rO 

<r 

ro 

rO 

CM 

r-4 

1 

1 

t_J 

r>» 

o 

ii 

II 

n 

ii 

1 

i 

• 

'» 

1 

i 

l 

i 

i 

• 

O 

1 

H 

• 

O 

a. 

-J 

.  j 

CsJ 

3 

li_ 

u. 

-ftJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

H 

<t 

to 

lj 

uJ 

_j 

<r 

♦ 

o 

in 

ft 

o 

in 

in 

in 

S D 

n 

rO 

or 

Q 

a 

1-4 

< 

UJ 

v  J 

OL 

ft 

M) 

MJ 

MS 

o 

O' 

CM 

• 

0 

• 

• 

CD 

CL 

H 

CM 

C\J 

ro 

fO 

rO 

;o 

ro 

H 

r-4 

i 

i 

Cj 

•  o 

a 

a. 

i 

i 

i 

i 

1 

i 

1 

i 

i 

i 

O 

I 

o 

z  z 

«* 

«* 

a 

• 

z 

o 

<J  o 

♦  c/5 

<x 

4  • 

Ui 

z 

Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

•  D 

r— 

OJ 

Q 

-J 

a 

>- 

h- 

z 

CM 

* 

a 

05 

o 

CM 

♦ 

ft 

♦ 

CM 

ft 

_i 

«! 

.j 

a. 

Q 

< 

o 

< 

v? 

in 

a. 

u 

H 

CM 

to 

>*■ 

ft 

h* 

ft 

O' 

H 

fO 

in 

r-4 

U- 

o 

>- 

o 

< 

uJ 

J  z 

*-4 

H 

H 

»- 

O 

L.4 

_J  o 

-J 

O 

J 

3 

O 

W4 

<3 

CL 

m 

-J 

357 


m 


m 

m 


•  j 


1$ 


, 

V  >A' 

>>V 

■vW 

MjiJ 


.-.V 


»  »  *  «'  «_ r 

r  ,  «  .  ■  .  ■ 
/ »  *^L 


KKi 


a: 


vA-’fC<V'f.y>.V. 


** 

X 

<  > 

ro 

• 

ft 

• 

ft 

• 

ft 

• 

ft 

• 

• 

• 

<t 

CM 

5 

T* 

C9 

4ft 

<n 

m 

K"l 

•  n 

rO 

»4 

in 

<t 

CM 

*n 

•4 

4-4 

1.  1 

© 

CO 

vn 

•  n 

an 

»n 

cr 

m 

.n 

• 

ft 

K  j 

X 

tfi 

«r 

CM 

CM 

ro 

a- 

<r 

m 

c\j 

*4 

n 

or 

v* 

‘5 

Ui 

M 

I  J 

r~) 

jyJ 

X 

_i 

• 

■ 

o 

1 

« 

* 

* 

2 

UJ 

u 

ft 

ft 

• 

ft 

• 

• 

• 

ft 

• 

ft 

• 

00 

in 

so 

« 

a 

u. 

cn 

-  j 

-X 

in 

U) 

n 

CM 

ro 

ro 

CM 

4t 

rO 

m 

ro 

H 

<f 

ft 

1-4 

►4 

♦H 

in 

MS 

in 

O 

in 

*4 

rO 

CM 

rO 

ro 

-r> 

• 

r^ 

ft 

00 

ft 

a 

a. 

H 

eg 

ro 

+ 

rO 

■*r 

<r 

ro 

CM 

•4 

05 

v-: 

© 

ft 

o 

s'. 

H 

ft 

ft 

» 

ft 

UJ 

ft 

ft 

• 

ft 

ft 

• 

• 

• 

• 

ft 

• 

CP 

r<S 

H 

r- 

ft 

_J 

ro 

00 

in 

fu 

o 

ao 

h*- 

oo 

M> 

m 

00 

in 

ro 

JO 

•4 

ft 

H 

X 

o 

CO 

■0 

H 

.0 

•n 

<7> 

\T 

•d* 

• 

p- 

• 

1 

ft 

CL 

CM 

eg 

ro 

♦ 

•r 

* 

rn 

CM 

r4 

I 

>- 

ft 

O 

«r 

ft 

ft 

* 

ft 

1 

jy 

ft 

UJ 

ft 

ft 

ft 

ft 

ft 

ft 

• 

• 

• 

ft 

• 

(P 

P- 

L/1 

>- 

u. 

ft 

-J 

ft 

CO 

cr 

0 

eg 

o 

© 

eg 

f*- 

OJ 

CP 

in 

d- 

ao 

Q  O 

♦ 

►4 

o 

<r 

eg 

go 

a 

CO 

in 

ro 

~4 

•4 

CM 

ro 

• 

r^. 

ft 

'G 

3 

ft 

CO 

CL 

CM 

ro 

uo 

in 

in 

m 

<* 

CJ 

*4 

o 

CP 

■ 

h* 

H 

•ft 

-1 

oo 

s. 

oj 

</> 

ft 

_l 

a. 

ft 

j 

■aJ 

ft 

00 

'si  1 

M 

1 

I 

a 

»- 

ft 

Q- 

o 

* 

Ul 

ft 

• 

ft 

• 

• 

• 

ft 

ft 

ft 

ft 

• 

**4 

4-4 

of 

.-j 

ft 

♦-4 

1 

_l 

—4 

r-* 

© 

*4 

vp 

o 

O 

o 

J3 

ro 

in 

•P 

■  J 

<0 

o 

a 

ft 

n 

X 

H 

a 

f 

CM 

'J 

cr 

00 

h- 

in 

rO 

sO 

• 

vO 

ft 

«y 

(If 

•< 

ft 

« 

<_> 

a. 

CM 

ro 

<t 

<t 

<r 

ro 

OJ 

^4 

o 

rr> 

/y 

C3 

o 

ft 

O 

2 

o 

■J 

ft 

J 

-j 

M 

ft 

qJ 

Ul 

ft 

-I 

• 

Gt 

-I 

I 

ft 

ut 

i.l 

ft 

Ul 

ft 

• 

ft 

• 

• 

ft 

• 

• 

ft 

ft 

• 

CO 

<p 

m 

►-4 

«* 

ft 

u 

_j 

00 

© 

00 

J3 

r4 

<r 

ro 

o 

*■4 

p- 

O 

© 

in 

*4 

CJ 

a' 

ix: 

ft 

k~4 

1-4 

i»i 

•-4 

C0 

M3 

s0 

H 

m 

U) 

O 

m 

n 

• 

r~- 

• 

■ 

at 

ft 

o 

n 

a 

CM 

CM 

ro 

•tf* 

ul 

in 

*r 

r\i 

*-* 

i  > 

or 

2 

i- 

ft 

4* 

UJ 

CJ 

O 

< 

ft 

o 

u. 

X 

ft 

*% 

V— 

.j 

ft 

-1 

r.. 

o 

I 

i/l 

ft 

X 

Ui 

ft 

ft 

ft 

ft 

ft 

• 

ft 

• 

ft 

• 

• 

r- 

r- 

r- 

■j 

=3 

X 

ft 

*3 

X 

-J 

* 

Ml 

o 

M3 

o 

r- 

M3 

Ml 

4-4 

fO 

in 

o 

h- 

2 

o 

ft 

►4 

3 

00 

oo 

o 

»-•  n 

rO 

r4 

CM 

\0 

cr 

+ 

© 

n\ 

in 

ro 

d- 

ft 

p- 

• 

X 

rV 

ft 

m 

I.l 

I.l 

ft 

CM 

m 

«*“ 

in 

+■ 

ro 

CM 

W-* 

n 

on 

u 

ft 

T 

X 

M 

r  i 

i 

ft 

X 

X 

<j 

u 

o 

• 

< 

ft 

o 

o 

2 

2 

2 

• 

ft 

nc 

Of 

►  4 

M 

UJ 

Ul 

ft 

• 

ft 

ft 

• 

• 

• 

• 

ft 

ft 

• 

r4 

ro 

-4 

f 

ft 

u. 

Li. 

aa 

-i 

ro 

r*- 

00 

00 

o 

CJ 

in 

r4 

m 

vfi 

(X 

sO 

<P 

CD 

V 

Q 

ft 

n 

ao 

1-4 

u 

o 

00 

iT> 

r4 

M3 

r* 

m 

H 

CM 

O' 

vO 

ft 

-a 

ft 

’w 

ft 

o 

cm 

in 

CM 

ft. 

OJ 

CM 

rO 

♦ 

<* 

ro 

•4 

r  ^ 

N 

V 

ft 

rO 

CM 

CM 

4  1 

V 

_i 

ft 

ft 

• 

p- 

ro 

ft 

V 

hi 

ft 

CM 

rO 

in 

in 

1 

N 

H 

ft 

r- 

ft 

• 

LJ 

ft 

ft 

• 

ft 

ft 

• 

ft 

ft 

ft 

ft 

ft 

o 

U-> 

r4 

LJ 

0- 

ft 

-1 

r- 

ro 

ac 

M 

CM 

CM 

> 

D 

l  J 

CD 

1 

ft 

ft4 

m 

r*- 

\0 

n 

an 

^4 

in 

cm 

O 

CT 

in 

s^- 

ft 

• 

• 

ft 

0. 

r-f 

eg 

ro 

rO 

<*- 

PJ 

H 

O 

00 

♦ 

ft 

ft 

Q 

ii 

ti 

II 

II 

o 

% 

rM 

ft 

■w 

o 

a. 

-1 

-J 

1 

*4 

u. 

u. 

Id 

ft 

ft 

• 

ft 

ft 

• 

ft 

ft 

ft 

ft 

ft 

O 

ro 

CP 

,% 

K> 

o 

wd 

uJ 

-J 

H 

n 

in 

© 

M3 

in 

m 

•H 

+ 

CM 

in 

M) 

CO 

<r 

.% 

CC 

a 

o 

1-4 

< 

s0 

eg 

H 

CM 

CM 

N* 

CP 

sO 

in 

ft 

vD 

• 

i, 

ft 

o 

a. 

r4 

CM 

CM 

ro 

♦ 

e 

ro 

CJ 

H 

O 

o 

ft 

o 

a. 

a. 

CD 

j 

O  2 

2 

< 

< 

O 

ft 

O 

z 

o 

o 

o 

ft 

(A 

41 

•  • 

1 

< 

Ui 

X 

u*> 

ft 

ft 

ft 

ft 

ft 

• 

ft 

• 

ft 

ft 

• 

o 

r- 

svl 

J* 

o 

-J 

a 

r- 

r- 

►— 

X 

OJ 

««r 

Ml 

ao 

O 

CM 

♦ 

\D 

*■ 

CJ 

vD 

-I 

ic! 

_j 

CL 

o 

■r 

< 

u 

ft* 

00 

00 

a. 

o 

CM 

ro 

<r 

M) 

P* 

CO 

© 

H 

K3 

in 

►  4 

u.  o 

< 

o 

>- 

o 

«* 

Ui 

UJ 

2 

r4 

H 

H 

H 

O 

UJ 

CJ 

t_> 

_J 

I.l 

ft 

o 

►-4 

4 

O 

O 

l_/l 

-_J 

SH 


HOUSTON  PI1.S  i»3UJP  STUDY 
R  ^ATEFAL  k.CAO  TEST  CF  *,AY  17.  1934 


<r 

X 

O 

n 

• 

• 

• 

• 

• 

• 

• 

» 

• 

d 

• 

r~» 

7* 

<0 

—4 

O 

nP 

in 

r^ 

(T» 

rrr 

CO 

ro 

ro 

uO 

in 

i.l 

:> 

r*- 

tf 

r* 

n\ 

r-i 

h- 

Ct 

r  3 

r^i 

CJ 

• 

L9 

«* 

CM 

in 

ro 

rO 

-tf* 

rO 

ro 

CJ 

r4 

1 

1 

O 

'J 

*-H 

liJ 

i 

1 

• 

l 

1 

| 

1 

1 

• 

I 

-1 

Ul 

t.J 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

ro 

n 

u. 

m 

.J 

_l 

r> 

tf 

CM 

c0 

rt' 

rO 

CJ 

n 

r-i 

o 

in 

>-4 

HH 

►-4 

•—4 

<M 

CO 

x-4 

0* 

Ci 

CT 

-*3 

CJ 

• 

a. 

CL 

fM 

O) 

fO 

rO 

tf* 

ro 

ro 

H 

i 

i 

I 

• 

i 

1 

1 

i 

i 

1 

1 

1 

1 

-J 

9 

m 

• 

vfl 

• 

CVJ 

# 

CM 

• 

r*- 

• 

CO 

• 

u0 

• 

r-i 

• 

ro 

• 

• 

o 

-■4 

in 

M 

X 

ao 

vC 

tf 

tr 

CM 

ro 

l*TN 

CM 

n> 

'T) 

CJ 

• 

cl 

eg 

ro 

ro 

tf 

tf 

ro 

fO 

r—i 

1 

1 

I 

i 

1 

1 

1 

f 

l 

1 

1 

1 

I.l 

— J 

• 

to 

• 

v0 

• 

CT 

• 

CM 

• 

H 

• 

CJ 

• 

CM 

• 

tf 

• 

o 

• 

rO 

• 

'O 

r  J 

in 

IH 

o 

U5 

o 

o 

O 

n 

ro 

rO 

O 

CM 

ro 

• 

CO 

a 

H 

CM 

m 

tf 

ro 

tf 

ro 

K) 

I'M 

H 

• 

l 

_i 

4.0 

i 

1 

i 

i 

i 

1 

1 

i 

1 

i 

j 

a. 

1/) 

UJ 

M 

CL 

o 

*  Ul 

• 

• 

• 

• 

• 

• 

m 

• 

• 

• 

• 

o 

M 

i  _i 

in 

in 

rO 

O' 

ii » 

sp 

>(1 

■ 

tf 

ro 

ro 

in 

* 

Cl 

X  «-< 

u. 

n 

tf 

H 

tf 

rM 

co 

C- 

cc 

(Tv 

C_ 

r-4 

• 

< 

CJ  CL 

fH 

CM 

to 

fO 

tf 

tf 

rO 

ro 

H 

1 

l 

«k 

o 

z 

< 

i 

1 

i 

i 

1 

f 

i 

i 

i 

.J 

J 

L-4 

-l 

..J 

•  I.l 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

i?v 

o 

-J 

(A  —I 

O' 

O 

IT) 

cO 

u 

M3 

ro 

O 

CO 

in 

tf 

>-4 

t—  M 

I.l 

CD 

f— 

r*- 

r-i 

CM 

r4 

M3 

tj 

ro 

r> 

ro 

• 

r*T 

a. 

^  n 

CM 

CM 

ro 

tf 

tf 

rO 

<o 

f  U 

.  4 

1 

• 

«x 

uJ 

i 

i 

i 

i 

• 

i 

• 

1 

1 

1 

o 

u. 

X 

_l 

O 

O 

JL  Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

00 

'3 

r 

o 

in 

ro 

'0 

v0 

in 

n 

tf 

O' 

O' 

tf 

M 

13 

cO 

</l 

o  >-< 

a 

ao 

tf 

CT* 

vO 

CO 

H 

c0 

H 

H 

CJ 

CM 

• 

m  <rs 

».# 

1.1 

^  n 

CJ 

CJ 

ro 

to 

tf* 

rO 

ro 

Ol 

1 

1 

X 

*r 

r-4 

1 

1 

1 

1 

• 

1 

( 

1 

1 

1 

X 

X 

o 

o 

o 

o 

o 

z 

z 

z 

a: 

uc 

M 

•  « 

U  It 

• 

t 

• 

• 

• 

• 

• 

# 

• 

• 

• 

1  > 

Cl. 

U- 

X  -J 

CJ 

O 

cc 

o 

O' 

CJ 

CJ 

CJ 

r4 

K> 

•-4 

in 

H 

H 

-4  O 

a  i 

CM 

L 

to 

in 

ro 

r^ 

ro 

to 

x-4 

• 

CO 

in 

O' 

f- 

(V 

■■  4 

rj 

m 

tf 

tf 

tf 

tf 

rO 

ri 

^4 

1 

i 

so  ao 

o 

C\J 

1 

1 

I 

1 

1 

i 

i 

1 

• 

1 

• 

• 

vM 

ro 

in 

CM 

uo 

m 

U) 

M) 

• 

• 

u. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Oj 

1 

1 

i 

a 

_J 

N- 

'D 

Li  7 

t  > 

14 

iD 

IT 

n 

Cj 

a 

tf 

>•4 

cn 

N- 

in 

tf 

m3 

n\ 

in 

r- 

tf 

t 

*-4 

ro 

• 

CL 

H 

CM 

ro 

to 

ro 

tf 

rO 

ro 

CM 

H 

i 

i 

o 

ii 

ii 

n 

H 

i 

i 

i 

1 

1 

I 

i 

i 

i 

i 

CNJ 

O 

CL 

.j 

_j 

CM 

o 

u. 

ul 

<jJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

n 

o 

UJ  Ul 

_l 

a 

J3 

D 

h- 

ao 

ro 

eg 

ro 

in 

O' 

CO 

m 

CL 

n 

Q 

in 

c_» 

UJ 

Ul 

<r 

U) 

n 

<y> 

CT 

a 

CM 

• 

• 

o 

a. 

H 

CM 

CM 

rO 

rO 

ro 

ro 

I'M 

H 

1 

i 

• 

o 

CL 

CL 

i 

1 

i 

1 

i 

l 

l 

i 

1 

i 

Q 

o 

rw 

z 

< 

< 

Z 

o 

CJ 

o 

•  CO 

«X 

•  • 

uJ 

X  — 

• 

■ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

H- 

O 

_J 

o 

K 

►- 

L-  X 

eg 

U) 

03 

o 

CM 

<T 

tf 

CM 

v0 

-J 

j 

o 

< 

UO 

A 

a  o 

*-4 

cm  m 

tf 

M3 

h- 

ao 

O' 

H 

rO 

in 

r-« 

u 

o 

>- 

o 

< 

U 

u  z 

H 

r-i 

►- 

O 

.jj 

o 

— J 

UJ 

H 

O  4-« 

«cr 

a 

n 

WWwWCWi*3 


ssswa 


HOUSTON  Pile  SRjJP  STUDY 

cieLD  oata  cROM  lateral  load  T-.ST  of 


wvnruaru  ire  mi  in*  ini  «v  mu™  tnuncp  w  .TjununwTU!  jut  tun  tunKrw; 


7”  1  m  f\J 

1.1  ■>  m  ji 

(0  <  —i  <\l 

>-«  Ui 


w  in  ir  «  in  n  »  * 
ft  vT  in  n  o  vfl  in 
<t  <*  *r  <t  cj  ** 


Ui  Ui  ••••••••••• 

—I  —I  rtn®ffllMo#inoJlf\l 

>-l  HMtfinKI9>inHK)KI»K)K1 

a.  cl  MNmroin^^iouH 


_i  tfSK)<ciC®tn!omnj<*' 


_1 

t-<C5.H(T'*-»va<t-CMr\JfOX-»<»- 

q.  tN»cj'#-«‘ininin<tni^ 


*  Ui  ••••••••••• 

I  _J  in  JI  -  1  \0  r,  .0  .  t-  Op  ®  r\| 

X‘~«U-.-il7sC7'iOI~-iO*-  iP  -4-  to  O 

u  a.  (MNin^^^ii-inniH 


•hi  ••••••••••• 

</>-J  c\icnpia>h.(i'®4-ir)ff'^ 

h  m  (ii  ,j  ifl  ♦  n  o  n  s  h  o n  ®  -d 
is  <L-  UI  (M  »n  »  If i  U  »  «  IM  •-* 


<3  X 

3  M  </> 
m  i/t  u  u 
X  T 
X  X  U  O 
O  O  Z  Z 
or  nc  *-»  ►< 
u  u. 

x  <r 


x 

a 

X  Ui  •••••«••••• 

—I  N'tni'ifHiotfO'iou' 
U>*-*Oc->n~f^o^,ff>h»iri®vOir> 
?  a.  nirMKii»-»**«'f'i^ 


u  ui  •  •  • 

X  -1  c>  *  to 

h  u  <oin  (m 

a.  -i  im  ki 


<>  n  (M  O  rt 
®  fO  U)  \fl  to 
in  4- 


n-  tr  vO 
4  HN 

IO  <M 


o  cn  ui  m 
•  •  Ct)  »o 

n  >fl  in  m 

v0  \0  t  • 


o  M  It  II  II 

O 

r-4  Q.  J  J 

rH  3  U-  LL. 


-j  <f  r^*  ij> 

»-4  gTj  vD  cr> 

Q.  H  oj  <NJ 


in  jo  »n  oj  u") 

^1  H  t\J 

k>  *  +  *  <r 


\D  si/ 

fO  ai  u) 

tO  «H 


h  Q. 
rH  3 
rA  O 
ae: 

•  o 

•  o 

0  2  2 
2  O 
Ui 

O  -J  Q 
«c  o 
a  >•  o 

J  U  J 


Ui  •  •  • 

-i  r-  in 

hh  <  ro  ^ 

ft.  H  H  v\J 


o  4  in  (M  ^ 
<M  O'  r-1  C\i  ffl 

to  to  4f  ft  to 


O'  <4  O 
vd  J*  vO 

to  ft 


in  o 

V/1  —4 

•  r*  • 

o  f- 
o 


O  fO  CM 

vfl  K)  vD 

•  r-  • 

c  \0 
o 

l 

AJ  K»  J 

\D  +  <M 


vfl  <f  O 

•  h-  • 

o  J' 
a 

• 

I 


o 

• 

I 

o  *-<  ao 
D  (M  ^ 

•  r—  • 


« 

X  IT  J 

in  ®  ac 

•  \o  • 


•  </> 

X  Ui  •  •  • 

b-  X  CM  <f  XJ 

a.  o  h  ftj  io 


C  O  (M  ^  v0 
^  >C  K  X  (T 


O 

•• 

•  •  •  O  ►— 

<T  IM^O  J2  J 
hio  n  hIl 
H  H  H  U  O  uJ 
-T  Q  .  O 


i;»*»:i 


VtVtV 


mW 


ess 


ft!» 


K*5y 


iSS'i1 


hQM 


mm! 


5fcfe 


s® 


S®i? 


J® 


SB 


HIUSTGN  PIlE  JK  }UP  study 

FIELD  DATA  FTCH  LATERAL  L  DA  D  TtST  OF  4AY  17,  19dA 


fuiTu^rsjvuirvJWiA  w 


-  'Br.^rw  vtu 


X 

o 

r> 

• 

« 

• 

• 

• 

• 

• 

• 

• 

• 

• 

r> 

try 

nn 

(?) 

m 

H 

to 

ft 

r^ 

m 

on 

in 

lO 

(ft 

m 

1. 1 

in 

m 

n n 

»n 

2T 

CM 

Hft 

•t 

ro 

41 

in 

• 

13 

H 

CM 

CM 

fO 

ro 

ft 

ro 

rO 

CM 

1 

1 

ro 

'ft 

hi 

M 

UJ 

i 

1 

i 

• 

i 

i 

I 

1 

1 

1 

O 

l 

3 

• 

IJ 

III 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CM 

in 

« 

U. 

m 

3 

3 

ft  J 

ftj 

K> 

r-> 

m 

ro 

ft 

CM 

ftj 

J3 

in 

r~> 

/ft 

4-« 

M 

4-4 

in 

t 

O' 

ft- 

o 

o 

m 

CJ 

O' 

eg 

• 

■p 

• 

a. 

a. 

H 

H 

CM 

ftj 

ro 

ft 

<t 

ro 

CM 

i 

i 

• 

■> 

in 

i 

i 

1 

1 

i 

i 

i 

i 

i 

C3 

• 

• 

Ul 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

,  4 

ftl 

, 

3 

<7- 

CM 

•t 

in 

CO 

CO 

eg 

CM 

in 

lO 

rO 

m 

rO 

oo 

*— 4 

X 

ft- 

in 

CM 

r^ 

H 

ro 

o 

ro 

r> 

Cft 

CM 

• 

vP 

• 

CL 

H 

ftj 

40 

fO 

ft 

ft 

ft 

ro 

CM 

1 

1 

i 

r  i 

‘P 

1 

i 

1 

i 

I 

» 

i 

1 

1 

f  a 

• 

t 

Ul 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

'  3 

ft 

ft 

3 

(M 

CM 

O' 

ro 

H 

o 

o 

CO 

ro 

o 

—i 

•n 

ft- 

»-4 

4-4 

O  ID 

O' 

O' 

CO 

ft 

ro 

vX) 

H 

CM 

H 

T 

• 

in 

• 

o 

CL 

H 

«-4 

CM 

rO 

rO 

ft 

ro 

ro 

CM 

1 

l 

o 

vP 

3 

i/J 

i 

i 

i 

i 

i 

i 

1 

i 

1 

| 

o 

• 

3 

a. 

• 

</> 

J 

4-4 

Q. 

CJ 

y: 

IU 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O' 

r“» 

ro 

•  4 

i 

3 

ft 

~4 

40 

r*. 

ftN 

'  4 

v0 

r*- 

t 

(ft 

ft 

o 

T 

4-4 

u. 

ftj 

fM 

r- 

ft 

o 

'T' 

CO 

O' 

H 

•  g 

CM 

• 

:n 

• 

(_> 

0. 

H 

CM 

CVJ 

ro 

ft 

ft 

ro 

rO 

H 

1 

1 

t-' 

•> 

O 

z 

i 

i 

i 

i 

i 

i 

» 

1 

i 

1 

o 

i 

3 

J 

W4 

• 

_J 

.1 

l.l 

•* 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

X) 

Cm 

O' 

l_> 

3 

CO 

3 

f- 

ft* 

9-i 

<t 

in 

ro 

ID 

\D 

>0 

CD 

O' 

f 

;  J 

X) 

M 

»-• 

hi 

CJ 

vft 

ft- 

*— 4 

C  J 

CJ 

in 

C.J 

«— 4 

c> 

PD 

• 

-0 

9 

D 

n 

z 

(X 

CM 

r.i 

ro 

ft 

ft 

ft 

rft 

rO 

(\J 

1 

a 

03 

•t 

UJ 

« 

< 

# 

1 

1 

f 

i 

i 

» 

1 

CJ 

• 

o 

u. 

X 

• 

_l 

f  > 

o 

£  uj 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

fO 

ft 

C3 

X 

3 

O 

rsj 

ro 

ft- 

m 

rO 

o 

U 

r^- 

00 

(ft 

r> 

CO 

M 

3 

</> 

r/> 

13 

4-4 

O 

ft- 

PD 

co 

in 

00 

CM 

w~* 

H 

o 

CM 

• 

'0 

• 

m 

f/7 

l.l 

t.i 

ft 

—4 

ft! 

CM 

ro 

ro 

ft 

<r 

rO 

ftl 

a 

a 

m 

vO 

*7" 

X 

M 

1 

1 

1 

a 

• 

l 

1 

1 

1 

a 

<3 

a 

i 

I 

O  3 

Q 

• 

o 

Q 

z  z 

Z 

Of 

OL 

1-4 

M 

UP  UJ 

• 

44 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

*~4 

K> 

u_ 

u. 

CD 

3 

ON 

H 

O 

O' 

CM 

00 

vP 

vX) 

CM 

r- 

(-3 

in 

O 

CM 

CM 

O' 

H 

<_> 

<t 

CM 

J> 

in 

O 

CM 

CM 

■X 

v0 

eg 

ftj 

• 

P 

t 

«»4 

ift 

r» 

(ft 

ft 

—4 

OJ 

ft J 

ro 

ft 

ft 

rO 

<M 

r-4 

a 

i 

o 

mP 

^4 

«D 

(ft 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

o 

1 

• 

• 

iM 

J 

• 

H 

tr 

in 

iD 

P 

ID 

• 

• 

U_* 

• 

• 

• 

• 

• 

• 

• 

• 

44 

• 

• 

■XI 

r-i 

o 

1 

1 

i 

1 

-J 

ON 

t  . 

vU 

.n 

w 

ro 

v\l 

<r 

ft 

>r 

t'  i 

u  ) 

4-4 

CD 

in 

•O 

r3 

ro 

n 

ft 

m 

i Ci 

fft 

•—4 

ro 

• 

jO 

• 

o. 

H 

CM  PD 

ro 

ft 

ft 

ro 

rO 

H 

H 

i 

i 

O 

M3 

ii 

ii 

n 

II 

i 

1 

1 

•i 

i 

i 

i 

t 

i 

1 

-1 

1 

lL 

-1 

3 

U- 

lL 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

O' 

00 

O 

u 

uJ 

3 

CM 

CM 

vO 

O' 

vO 

v0 

00 

4* 

oo 

CO 

ro 

CT' 

ro 

rr 

o 

a 

4-4 

•ft 

K) 

CO 

ro 

H 

CM 

ft 

M) 

H 

O' 

H 

ro 

• 

g) 

« 

o 

CL 

H 

rl 

CM 

rO 

fO 

ro 

ro 

ro 

r4 

H 

1 

a 

o 

P 

a. 

a. 

i 

i 

i 

i 

i 

■ 

i 

• 

a 

i 

o 

i 

z 

< 

< 

o 

• 

o 

o 

o 

* 

u% 

«X 

#  t 

X 

U- 

• 

• 

t 

• 

• 

• 

• 

• 

• 

• 

• 

o 

a 

»- 

>- 

ft- 

X 

lM 

<*■ 

vO 

CO 

o 

CM 

X 

CM 

*D 

3 

z 

-J 

CL 

o 

< 

(/) 

1/) 

a. 

o 

*HI 

CM  PD 

♦ 

X 

ft- 

X 

O' 

H 

ro 

ID 

4-4 

L. 

Q 

< 

o 

<t 

3 

UJ 

z 

H 

H 

H 

1— 

o 

UJ 

3 

o 

-J 

uJ 

-I 

o 

4-4 

<r 

ft 

n 

o» 

-J 

W 

J® 

Li 


'  ,■■'>,■'  .■  .Vj,\  /.  j\  ,%  ",  .■ 


CTTT 


>-* 

Li.  ♦ 

-1 

o 

o  * 

>-4  O 

3 

« 

U5 

X 

►— 

K-  * 

-I 

00 

00 

CO  « 

_J 

CL 

J  * 

i/) 

J 

r-4 

CL 

►—  « 

a. 

O 

ro 

• 

M 

1 

-1 

o 

o  * 

a 

X 

►-«  u. 

nr 

«f  * 

< 

<_> 

CL 

<3 

o  * 

» 

o 

7* 

-1  « 

-1 

-i 

i  i 

« 

-i 

-J 

—1  • 

1.1 

.  i 

« 

l.l 

«1  * 

CJ 

_i 

00 

-j 

Ql 

LT  * 

M 

1— 

¥-4  L.  i 

1  «  * 

o 

n 

a. 

« 

Ui 

4  • 

o 

U. 

X- 

►— 

-  J  • 

-J 

<  i 

'•J 

L> 

« 

T 

LJ 

o 

X.  « 

<3 

X 

-J 

r> 

o  « 

¥-4 

3 

</> 

c/l 

CD 

n 

▼* 

rr  « 

m 

tn 

l.l 

l.l 

CL 

n  * 

T 

X 

►-4 

* 

x: 

X 

o  o 

O 

*t  * 

o 

o 

-2 

/ 

H-  * 

a: 

or 

b  . 

M 

uj 

UJ 

<t  * 

u. 

u_ 

CD 

-1 

O  * 

H 

*-«  o 

* 

h- 

■» 

Q- 

o  « 

r- 

t  ■> 

in 

_i  * 

• 

• 

vM 

<sl 

14*/  • 

c\j 

rt 

m 

in 

M  * 

in 

in 

• 

• 

IJ 

Li_  « 

i 

i 

| 

i 

« 

l~4  CD 

« 

a 

* 

«  « 

_»  n 

ii 

II 

ii 

o 

j  a. 

-J 

-j 

4J  3 

a. 

u. 

Uj 

rO 

O 

uj 

uJ 

CC 

a 

Q 

H  < 

•  o 

a_ 

• 

u 

CL 

a. 

O 

-e 

< 

< 

O 

o 

00 

; 

X 

Wkj 

a 

-j  a 

K 

h- 

r- 

X 

< 

o  < 

00 

(X 

o 

o 

>■  o 

< 

u 

Ul 

z. 

-j 

i  >  _j 

.•1 

JS 

o 

++ 

• 

O' 

• 

• 

fO 

• 

r-» 

• 

r*- 

• 

<T 

• 

• 

N» 

• 

r » 

• 

rr 

• 

K1 

'Ti 

yf> 

m 

iD 

r  i 

m 

ro 

r  j 

—t 

•o 

H 

v4 

(M 

ro 

ro 

rO 

rO 

<M 

9-4 

1 

i 

i 

1 

* 

1 

i 

i 

1 

1 

1 

• 

• 

an 

• 

• 

'0 

• 

<*■ 

• 

CM 

• 

• 

rr 

• 

• 

-r 

• 

K> 

■n 

H 

•n 

■3- 

T5 

H 

r> 

ro 

H 

H 

CM 

fM 

fO 

rO 

ro 

rO 

<*M 

H 

i 

t 

i 

i 

i 

1 

i 

i 

i 

1 

1 

• 

fO 

• 

•o 

• 

O 

• 

ro 

• 

in 

• 

O' 

« 

M5 

• 

rO 

• 

ro 

• 

rO 

• 

X 

in 

CM 

O' 

rO 

ro 

r4 

X 

m 

C 

OJ 

H 

CM 

CM 

m 

rO 

rO 

ro 

r-4 

1 

• 

i 

1 

« 

1 

1 

1 

1 

1 

1 

• 

• 

UI 

• 

CM 

• 

cn 

• 

n 

• 

rj 

• 

• 

n 

• 

h- 

• 

O' 

• 

xxj 

rO 

N. 

C0 

in 

CM 

CM 

m 

CM 

rH 

o 

>T 

H 

CM 

fO 

ro 

rO 

rO 

CM 

r4 

1 

i 

i 

i 

1 

1 

i 

i 

1 

i 

i 

• 

rC 

• 

Tl 

• 

• 

CM 

• 

rrs 

• 

K1 

• 

i  4 

• 

r*. 

• 

ro 

• 

n 

• 

»-4 

o 

CTN 

-* 

M 

h- 

h- 

K 

X- 

CJ 

*o 

H 

H 

nj 

K) 

fO 

<T 

ro 

ro 

^4 

i 

i 

• 

1 

i 

i 

i 

i 

i 

i 

1 

• 

ro 

• 

CJ 

• 

rH 

• 

ro 

• 

iM 

• 

r- 

• 

• 

• 

rO 

• 

!*■* 

• 

i-l 

O' 

in 

m 

IT* 

-4 

H 

ir. 

*  » 

i*'* 

»-4 

r 

_ 1 

n 

ro 

«r 

iS* 

ro 

K  . 

CM 

m—4 

i 

1 

i 

i 

■ 

• 

i 

i 

i 

1 

1 

• 

oo 

• 

rO 

• 

(T 

• 

CD 

• 

in 

• 

o 

• 

rt 

• 

• 

l  xJ 

• 

• 

■jf* 

r.» 

r-i 

in 

o 

r4 

C- 

CM 

H 

rO 

<M 

r\J 

rO 

ro 

J* 

ro 

r\i 

■^4 

1 

1 

1 

• 

1 

t 

1 

• 

• 

1 

• 

• 

CD 

• 

r-4 

• 

<M 

• 

in 

• 

-3 

• 

r- 

• 

r-» 

• 

• 

m 

• 

CM 

• 

r\i 

O' 

in 

H 

D 

O' 

o 

X 

H 

i  j 

rO 

rO 

ro 

*  M 

• 

i 

1 

i 

• 

• 

1 

1 

1 

1 

1 

• 

.  j 

• 

OJ 

• 

f-4 

• 

C' 

• 

•  i 

• 

r-4 

• 

1C  / 

• 

• 

• 

C.  ■ 

• 

J  ) 

JO 

•JO 

--n 

CM 

•H 

vM 

CM 

OJ 

K) 

<r 

ro 

r) 

•M 

rH 

i 

i 

» 

» 

•» 

1 

i 

i 

1 

i 

i 

• 

• 

00 

• 

r- 

• 

r-4 

• 

in 

• 

rO 

• 

o 

• 

n 

• 

ro 

• 

h* 

• 

CO 

i n 

C3 

X 

Ch 

c  J 

o 

rS 

•“4 

04 

rO 

wH 

H 

CM 

CM 

*.  J 

ro 

rO 

ro 

C  J 

H 

1 

i 

i 

i 

i 

1 

1 

• 

1 

« 

i 

• 

kM 

• 

<r 

• 

>x> 

• 

<30 

• 

u 

• 

CM 

• 

• 

sD 

• 

<r 

• 

CM 

• 

43 

x-l 

CM 

K) 

vO 

X 

O' 

H 

ro 

U) 

fT'  rr>  m 

*  \n 

•  m  • 

I  o  to 
.)  I 


*  ** 

.n  r-*  ^ 

•  m  • 

i  o  in 

o  • 


o  rJ  <r 
IP  a  r 

•  o  • 

•  o  m 

o  l 


a>  u) 

r  ^ 

•  in  • 

I  o  m 

o  t 


O'  ITS  0 

■r  ,+  n 

•  o  • 

I  o  m 

o  I 


N  in 
t  N  CNJ 

•  in  • 

I  n  k 
u  I 


h  » 

^  r>-  ac 

•  in  • 

i  <>  m 

o  • 


J'  cm  in 

<r  l  ro 

•  a  i  • 

i  «  •  ■  iH 
r~t  I 


v0 

■a-  itv  r- 

•  a  • 

I  o  iD 
i_.  I 


•£S  £T  a 

in  ir)  x> 

•  u )  • 

I  «••>  m 

<- J  I 


j  «:  j  a  o 

M  n  j  < 

*-  o  _l 
<r  n  o  i/i  _) 


■"i! 


■./.  - .  /.  /■./, 


mi  rue  lunurronur'iui  rii  tutr  jputhtt*  ir»  in  m  yy  i/v  y  y  n  by  by  u>  ltwi’vi'v.’vtv. 


>-  U-  % 

-i 

o  o  « 

c-c 

o  « 

CO 

a. 

1-  H*  « 

-J 

</) 

^  vO  « 

-J 

CL 

u»  « 

00 

Ui 

►H 

a  »-  * 

a. 

CJ 

*  UI 

13  * 

M 

1  -J 

o  o  * 

* 

n 

X  C-I 

ac  <  * 

<* 

o  a. 

<3  0% 

•  a 

2 

-J  * 

-1 

-j 

M 

‘  1  * 

-J 

-J  -I  * 

l.l 

*u 

•  l.l 

*-1  <  * 

o 

00  _J 

a:  «  « 

*-« 

►—  H 

.«  * 

o 

n 

-•  o. 

Ui 

o  <  * 

o 

lu 

X 

i-  -i  « 

-I 

o 

a 

vO  « 

X  Ui 

3  X  ♦ 

<0 

y 

_i 

no* 

M 

C/1  </> 

O  '-i 

"T  **  « 

m 

u-l  UJ 

2  a 

li  « 

T  T* 

H 

X" 

X 

U  U 

a 

<  * 

o 

o 

?  ^ 

2 

►-  « 

err 

►-«  M 

UI  Ui 

<t  « 

Ol 

Ll. 

CO  -1 

O  « 

«■  in 

M 

« 

rjN 

vO  4ft- 

ex. 

r>  * 

H 

r- 

vO  1*^ 

_J  * 

• 

• 

h-  ^ 

Ui  « 

O' 

CO 

<\l  OJ 

H  ft 

IO 

K> 

•  • 

u 

Ll  « 

H  r4 

-1 

« 

* 

CL 

«  «  « 

f— c  II 

n 

H  H 

a)  vO  ji  n  *  w  in  m  in  (m  in 
iOinvac»-a'®®®vo^.-i 


_i  _i  nconsNioj'jimfflto 

*-4  HWS(\l*«IT'ff'lO^CO^^ 

a.  a.  n  ♦  to  o  in  in  s  'D  m  n  w 


_i  lOhoffliMnnHOinco 

m  t  in  m  T  Is  10  h  »  ''I  a  w 
q.  NiinNN'O0''T't|'ai<iH 


MiO'.-icJ'-rr'-MJ®'—  -0® 

vs  ki  s  ^  i  g  J>  O'  <r  h  s  eg 

>.0  in  ro  in  <  >  **•  t  to  n  if  » 

it  >o  x  d  in  t:'  o'  .h'-o  m  ® 


rtiOO'O'-tSrjff'OjSO' 
«t»  ®  r>  cm  •-»  ®  co  o'  .u  o  o 

d-  in  SI  ,r.  O'  .1'  IT\  X  Ji  » 


CHO'OHIONNMMN 
in»-'il\0<t'0'4'!E,0'£llO 
itinsirirnffinvai  n  m-i  .~i 

<C  CM  S  C5  ><  H  K1  m  H  rj  <f 

r'CMinin^ccccmnoO' 

ki  in  ifl  s  *  tn  si  X3  f-  n  i  — i 


o  a.  —J  — i 

H  J  U.  U. 

O  Ul  UJ 

cx  o  a 

•  o 

•  o  a.  a. 

0  2  Z  <  «* 

2  a  o  <_> 

Ui 

O  _l  o  u-  C- 

«*(_)■<*  00  wO 

O  >-  O  <  UI 

J  (J  J  UI  3 


n*  <n  cu  »i  C“  m  il'  i'l  l!  ui  3^ 

<r  *  n  ro  S'  N  in  ri  m  x  u; 

ro  in  d  r-  r~  ®  s  iO  x  r  h 


_j  QvOmniMiHoi/iaHin 

n«t^-CMr-n~'Oi_.CT'®n~m<»- 

q  K>uiir>uOr~a:n~f~  s>  <r  >-< 


»  i/> 

I  J  •  •••••••••• 

L-  x  (\i*X)«acM*xi^<MX) 

a.  o  r-icjio^'or^coo'-Hroin 

Ui  2  H  H  H 

cT>  -t 


u  ffl  M 
CO  O'  <»• 

•  It  • 

u  »i  in 

o  -i 


O'  co  CM 

cm  co  ft' 


CM  ®  ® 

CO  ♦  ♦ 

•  in  • 

H  H  J 

i-'  .  -» 


CM  CM  O' 

to  h-  co 

•  in  • 

r-C  «H  O' 
O  »■« 


•  O'  • 

H4lD 

O  r-» 

• 

I 

on  h 
CO  CD  CM 

•  4-  • 

«-4  »  4  1C' 

n  r* 

• 

l 

IT'  a  O' 

CM  co  c 

•  in  • 


CO  O  r-< 

CO  S  O' 

•  ur  • 

H  •— C  ^ 

O  — • 

• 

I 

■4-  C-  rO 

lO  vO  O 

•  <t  • 

r-t  r-t  lO 

U  H 

• 

I 

«H  —«  O 

CO  co  X) 

•  in  • 

rl  »i  CO 

Ct  «-• 

o  • 

4  ••  I 

Jl—  J 

_i  2  j  a  o 

M  ll  O  « 

K  O  UJ  J  .> 

«  n  o  .0  j 


HOUSTON  P_I l£  UR  CUP  8TUDY 
DATA  FRJH  LATERAL  LOAD  TLST  OF  HAY  17»  1984 


HOUSTON  PILL  GRDUP  STUDY 


^  >n  ^  ^  -i  if  ^  in  i>.  in 

•oinvon-nnaomcn'ft^'— c 


UJ  «•••••••••• 

-J  *J)SiOiOK)Sn(MMf> 

HHinffHrtJDOKI'/lT'Mrj 

a. 


—I  in«*^ova3nj'Bioo 


»■ 

ft 

ft 

UJ 

LL 

ft 

O 

♦ 

ft 

c/> 

a 

ft- 

ft 

~j 

so 

I/O 

•4 

-j 

CL 

lli 

ft 

00 

»-« 

H 

♦ 

0L 

cj 

* 

UJ 

♦ 

*•  • 

1 

-J 

O 

ft 

o 

X 

H 

« 

«* 

CJ 

CL 

o 

* 

•  o 

z 

-I 

* 

-J 

-J 

M 

ft 

-1 

-J 

ft 

1*1 

j 

• 

l.l 

-« 

ft 

o 

— J 

</) 

-J 

O' 

* 

*-« 

L- 

H 

l.l 

4 

n 

a 

z 

o- 

fc— 

ft 

LI 

ft 

o 

u. 

X 

-1 

ft 

_J 

o 

o 

ft 

X 

UJ 

X 

* 

C5 

X 

-1 

o 

ft 

M 

<0 

1/1 

M 

(V 

ft 

on 

<C1 

l.l 

l.l 

<L 

II 

ft 

X 

X 

►-* 

* 

T 

X 

o 

CJ 

o 

< 

ft 

O 

o 

*r 

z 

ft- 

ft 

ac 

i* 

1-4 

M 

04 

UJ 

4* 

ft 

u. 

L_ 

JD 

-J 

o 

ft 

o 

CM 

►4 

* 

m 

CO 

h- 

n 

o 

* 

vD 

•4 

<\J 

-1 

• 

• 

<r 

UJ 

ft 

<f 

in 

ro 

CM 

►4 

ft 

rsj 

eg 

• 

• 

UJ 

u. 

ft 

^4 

•-4 

H 

rH 

-J 

ft 

M 

ft 

a. 

ft 

ft 

in 

ii 

II 

II 

n 

o 

«■*> 

IV 

-J 

-j 

H 

3 

li. 

u. 

uJ 

♦ 

O 

UJ 

-J 

-J 

ac 

o 

Q 

H4 

• 

O 

Q- 

• 

o 

a 

CL 

o 

e 

Z 

< 

< 

.2 

o 

O 

•> 

CO 

UJ 

X 

O 

-J 

a 

►- 

*- 

h- 

X 

ftC 

u 

■* 

in 

v» 

a. 

o 

o 

>- 

o 

< 

UJ 

— J 

o 

_i 

u 

J 

o 

►  1 

SO  O  U)  B  !T  N  fl  CO  If)  H  O' 
'■SHajioBSNf,  *  -Dijio 
♦  u">  S-  'O  O'  &•  <_«  eo  'X>  ■*  T-* 


i/'  —«  r-  m  o  n  in  ■"  -n  o  •■*■ 
m  <j\  «■  j->  cm  *■  c  •-..O'  _i  h 
“unjNBcoa'B'fiinrj 


Cl  «■  «•  K)  vfl  yfl  in  l*>  cm  OP  -t 
IP  ^  0D  S  O  N  U  i  i  ii  ^ 
wiinJlNmiMMSKin-i 


h  (f  o  D  O'  ip  -a-  r%j  m  in 
-a-  an  <m  m  »-«  oO  -D  oj  »■«  o'  m 

il-in^cX3CT'0'CT'rT'P-r0^1 


if)voiriri(Mn^nifi«-in 
n  c  in  »n  n  cn  cn  ai  k  m  (m 


O'  ao  03  u  cm  o  o  u)  o  i) 
oi  ♦  if)  >fl  r»  ec  n  N  s  id  iM 


in<MEin«flinn»i'.oj' 

0®IO^K)fflatTo^fl 

m<rtn’.Df'-r»r-r"!'-  .*■  ,-c 


K  flN 

K)  *■>  ON 

•  >n  • 

*-4  •-*  fO 

<n  -I 


rO  O  fO 

fO  v0  m 

H  H  O 
O  «H 
• 

I 

ft-  ft-  + 
ftO  ♦  <M 

•  in  • 

H  H  fO 

O  -4 


CO  JJ  f\l 

ro  0  fO 

•  U1  • 

H  H  ft— 
O  «H 

% 

f 

lO 

k>  n. 

•  4*  f 
H  H  <f 

O  f-« 

• 

I 

vO  *H  ^ 
K)  CM  fj 

•  m  • 


O 

• 

I 

in  ca  vj 

K)  ro  K) 

•  in  « 

*■4  »4  vrt 


0s  *n  -0 

to  in  o 

•  ♦  t 

^  H  K) 

n  h 

• 

i 

CO  CO  vO 

O  f\|  o 

•  in  ♦ 
h  h  n 

a  h 


vfl  «H  ♦ 

O  K) 

•  l/l  • 
r-«  CM 


(M  ^  'll  O  CM  <t  sO-3-C\i^)_J 


• 

•  •  I 

ft-  UJ 

^  _j  a  o 

►4  U.  Q  < 
O  .J  J  o 
fl.Ou)  J 


‘S5i'i 


a® 


HB 
m 


§9 

fefe 


A  /■  A  A.VA 


v„y 


’.Vijf.  <•-  *•_  r.  /-.f.J'.  ^  ,  r- 


unimorujruirvinj w»»tm  ira  irinnnriinruinnnrwv»KWBi«iwOTTWiwuwiiL,wvwv\r.nn:  »  nwww  n*  w. 


I 


«  «  « 


<»■ 

* 

(T' 


Q  O 
O 

t—  I— 

to  vj 

.1 

<X  K 
■3 

O  O 

Of  «t 
«0  -3 
J 
l  I 


cl  tt 


VJ 


<r 

X 

o 

o 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

rr 

K* 

* 

*** 

fsi 

Km 

rn 

rr 

K> 

CP 

rr 

in 

cn 

on 

K> 

>o 

1  1 

ro 

rr 

rr 

,^v 

nr* 

tr 

vr 

n 

>  > 

rr 

rr 

• 

m 

• 

T 

*r 

fO 

m 

r*. 

p- 

X 

CO 

x 

r» 

<r 

*■•4 

—4 

►— 

tu 

>-* 

1  1 

O 

H 

re 

-J 

• 

o 

f 

u* 

L  ! 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

O' 

m 

o 

u_ 

no 

_l 

-1 

rr 

fM 

in 

in 

X 

*-4 

X 

r* 

m 

K) 

>n 

H  i-« 

*> 

o 

r*. 

(Tv 

CM 

>0 

O' 

eg 

r? 

• 

*- 

• 

CL 

a 

CM 

fO 

m 

M' 

in 

>0 

r- 

‘0 

m 

<p 

CM 

H 

n 

-J 

_J 

f/5  ..t 

Q.  tj 

•  • 

V  O 

-t 

«  n 

-I  _J 
1 

i.i  j 

U  -I 


•  i  « 

o 

n 

a 

<  « 

o 

UL 

-J  « 

-J 

3 

♦ 

X  « 

o 

X 

o  « 

3 

rn 

(/^ 

nr  « 

,-n 

on 

1. 1 

i.i 

ii  « 

-r 

r 

« 

T" 

X 

CJ 

o 

<1  * 

t  i 

.  ♦ 

r-  « 

a: 

»  4 

►  4 

«c  « 

u_ 

lL 

o  « 

X 

« 

a .» 

rg 

ro 

1*1  41 

•n 

cr 

J  ♦ 

• 

• 

<?• 

rr 

Lai  ♦ 

o 

_i 

K) 

<\J 

M  « 

vM 

CM 

• 

• 

LL_  « 

* 

H 

wA 

« 

*  * 

o 

II 

II 

M 

II 

H 

i  , 

CL 

3 

-J 

H 

3 

u_ 

ll 

O 

wj 

cc 

o 

o 

• 

«  O 

a. 

a. 

Z) 

atT 

< 

_j  "iiooeininff'ioctMrs 

MlK100»t(VHa3,T' 

a.  <r  .r  ?r  :r  r  t  n 


_J  ■■♦  U)  in  J  rt  »  N  ff>  ..I  If) 

>-i  j  o  ‘]J  h  ♦  j  o  ir>  *  ao  -J  tr 

q_  4-uisc>0'0'Xsa»w 

./? 

cl 

M 

^  u,  •••«••••••• 

I  J  ^  r-f  ■t'  l  'O  "O  f  *4  J  "T. 

X  t-.  ij.  to  M  .  t  •  ,  N  I]y  C  •.-»"«  'S* 

O  o.  o  in  >fi  h-  a)  «  »  cd  k  in  n 


</)  _J  nnKint-rntM-r  nKlS' 

t-  ...  If)  .4  .7.  XI  O  Jfl.'-C'IJ' 

n  to  .i  i  u  i  i-.  .n  •t\  (*■  rr  i-  <i .  .. 


o 

il  *  •  *••••*••••• 

_j  ♦7J'in^i!Or-in*in<»- 

(.•l  w  n  PI  .n  .  I  O'  J  «•  (M  O  O  X) 
^  n  »  in  n  iwr  (MMli  s  t  h 

M 

n 

z 

■j  •  •»•••«•»••• 

CD  -J  f"~  X  t‘J  S  K>  IJI  rf  h  i)  CJ  CM 
o  <  **“  J  O  -  U  K1  U  1  U1 
n  io  ♦  .n  -n  n  t.  .r.  CD  X"  ,ii  im 


•J 

►  I 

a. 


I 

X  CM  «P 

ro  ro  in 

•  »l )  • 

H  H  C'J 

*“•  r* 


cr  *>  ».n 
K>  J  ^ 

•  m  • 

^  v0 


I 

x  m  *-« 

m  p  *-i 

•  r  • 

H  ^ 

n  * 

• 

9 

r*  in  <  vi 

m  e»  n 

•  V)  >  % 

H  M  K1 
O  H 

• 

I 

X  x  r’ 

O  rg  N 

•  ip  • 

h  -j  in 


I 

;  J  <t  D 

4-  <t  * 

H  •  4  iM 


O  -J  Q 

o  < 
e  >-  o 

— j  <  >  _ i 


o  o 


./)  VJ 
<  vj 

...  « 


*  .z' 

X  .J 

K  X 

a.  o 

uJ  ^ 

O  .-< 


• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

X 

O' 

O' 

n 

n 

K> 

r- 

r  > 

X. 

» M 

«  • 

r  » 

ig 

K) 

■  Tt 

.n 

•r 

*>4 

o 

rr 

j" 

it 

rn 

f  ^ 

• 

m 

• 

CM 

jn 

'Cl 

r- 

r- 

r~ 

p' 

X 

CM 

•H 

H 

CM 

O 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

TO 

• 

u 

H 

o 

X 

1^ 

^4 

Ki 

j' 

O' 

H 

K) 

<r 

O' 

CP 

r- 

H 

PI 

r*- 

cr 

c 

• 

• 

CM 

<r 

U) 

X 

r- 

r- 

P* 

—A 

r-4 

t-l 

Q 

• 

•  • 

1 

• 

# 

• 

• 

• 

• 

• 

• 

• 

• 

• 

•  j 

»  - 

li« 

i  J 

X 

o 

CM 

vO 

CM 

lO 

.j  ^ 

_j 

UL 

a 

r-4 

CM 

K> 

o- 

X 

»H 

m 

U) 

►H 

LL 

o 

H 

r-4 

P- 

o 

>g 

-i 

n. 

f3 

c/) 

-1 

370 


V  VWW-V  ”J>.mf  JM».  w.1  V  WVWJWVjyy^n 

SscIM 


V 

! 


L 

% 

k- 

r- 


s 

i 

t 


X 

(  > 

ro 

« 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

s0 

ro 

r- 

CO 

in 

*\| 

HO 

nj 

in 

rr> 

HO 

up 

m 

JO 

HO 

i.  • 

0» 

H- 

m 

^4 

m 

K. 

nn 

-k 

*r 

• 

H"* 

• 

X 

tP 

<t 

ra 

in 

0 

H- 

on 

cn 

h- 

M3 

k 

.4 

«4 

CSJ 

V- 

•O 

ut 

►4 

•.j 

1 

1 

i 

i 

1 

i 

« 

i 

i 

i 

i 

1 

O 

—4 

or 

_i 

• 

1 

o 

* 

* 

♦ 

2 

u 

to 

• 

• 

• 

• 

• 

# 

• 

• 

• 

• 

• 

O 

MD 

Ml 

k 

o 

u_ 

en 

_l 

-1 

fTN 

HO 

<k 

■k 

k- 

k 

>4 

in 

rr 

o 

HO 

<r 

CVI 

<t 

♦ 

1-4 

K4 

1-4 

HO 

n 

rr> 

in 

K*. 

HO 

m 

I/O 

in 

H0 

HO 

• 

k 

• 

no 

* 

a. 

a. 

K> 

<* 

in 

vP 

H— 

CO 

H* 

m 

HO 

-4 

H 

»4 

HO 

O' 

« 

i 

« 

1 

i 

1 

« 

1 

i 

i 

t 

1 

1 

n 

H 

•4 

k 

• 

1 

» 

k 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Jv 

H0 

HO 

k 

-J 

O' 

•n 

in 

00 

in 

H 

f-4 

re 

X 

4k 

m 

CM 

*4 

rg 

*4 

« 

►4 

X 

H 

vO 

m 

CO 

MO 

HO 

in 

HO 

<r 

H 

in 

• 

k 

• 

* 

CL 

HO 

<r 

m 

'P 

Is- 

rc 

n 

v£) 

k 

r4 

4 

<4 

CM 

>- 

k 

1 

i 

i 

1 

i 

1 

1 

i 

1 

1 

1 

1 

i  > 

*4 

<f 

k 

• 

1 

y- 

« 

« 

Ul 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

nr 

in 

ro 

>- 

U- 

« 

-J 

H 

H- 

v0 

'D 

O' 

X 

HO 

k 

n 

•X) 

Cl 

o 

ro 

k 

M 

o 

h- 

r4 

H0 

HO 

J3 

H- 

o 

HO 

CNJ 

O' 

CM 

• 

CM 

• 

3 

k 

</i 

a. 

CM 

4- 

00 

M3 

M3 

uCl 

H- 

X 

k 

CJ 

•4 

r4 

*4 

H 

>— 

« 

.j 

00 

1 

1 

1 

i 

1 

I 

1 

1 

( 

I 

1 

1 

33 

r4 

00 

•/) 

k 

a 

• 

i 

i. : 

k 

<P 

J 

»4 

CL 

V- 

k 

a. 

fj 

V 

Ul 

% 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

X 

HO 

rt> 

t3 

♦ 

»  A 

1 

_i 

r' 

CJ 

iO 

P 

—4 

T' 

Mi 

T' 

k 

>"J 

k 

j 

-o 

k 

* 

n 

r 

M 

IL 

T3 

HO 

m 

T* 

0s 

cn 

k 

*M  HO 

in 

•0 

• 

HO 

• 

or 

«* 

k 

-* 

o 

a 

CM 

* 

in 

•j0 

ao 

co 

<n 

'O 

k 

r4 

•-4 

•4 

CM 

rO 

o 

k 

» 

o 

z 

1 

i 

i 

| 

t 

i 

1 

i 

» 

i 

1 

i 

o 

•4 

J 

k 

-J 

-j 

*  4 

• 

1 

;  .  » 

k 

_J 

-J 

1 

« 

•  « 

Li 

UJ 

k 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

H) 

CM 

MJ 

< 

k 

o 

j 

oo 

HO 

CM 

cc 

O 

O' 

CM 

C'J 

M3 

H- 

k 

(M 

CM 

HO 

ao 

CL1 

nr 

k 

►4 

i— 

♦4 

UJ 

<* 

in 

«  3 

HO 

r- 

HO 

CM 

,  , 

cr 

cr 

• 

H> 

• 

k 

ro 

n 

CL 

f) 

<r 

si) 

r*^ 

n- 

m 

'T. 

.n 

p 

k 

•-4 

-« 

-A 

*M 

z 

v- 

k 

«t 

.j 

1 

• 

1 

• 

1 

• 

1 

i 

« 

1 

l 

■ 

o 

•4 

•t 

k 

o 

Uu 

i 

• 

i 

V- 

.J 

k 

_l 

* 

o 

k 

Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

» 

CM 

o 

H 

o 

5. 

k 

o 

*• 

-1 

O' 

H0 

cn 

r-4 

H 

no 

HO 

cc 

O' 

HO 

o 

<M 

ro 

r- 

o 

k 

►4 

CO 

1/1 

-a 

L4 

a 

on 

k 

in 

in 

C ") 

H0 

<f 

o> 

cn 

• 

HO 

• 

X 

rH 

k 

T 

*/o 

l.l 

l.l 

jk 

tv 

rg 

•tk 

in 

vfl 

r-- 

nn 

H— 

sr» 

k 

— 4 

^4 

^4 

^4 

u 

k 

T 

X 

► « 

1 

• 

i 

i 

i 

1 

1 

1 

1 

1 

• 

1 

ro 

•4 

k 

X 

X 

o  u 

o 

• 

1 

< 

k 

o 

O 

-» 

z 

z 

V— 

k 

a 

a: 

M 

M 

U) 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

r 

?4 

k 

u_ 

U- 

cc 

-J 

CM 

r- 

o 

H 

O' 

HO 

HO 

a 

M3 

•-4 

CM 

X 

k 

o 

k 

JO 

CM 

1-4 

o 

k 

uJ 

sL) 

JO 

•k 

CO 

H 

-k 

o 

k 

k 

• 

HO 

• 

k 

<* 

^4 

*4 

m 

CL 

HO 

in 

sU 

ai 

cd 

ITS 

cn 

r-~ 

k 

*4 

•4 

H0 

CO 

k 

^4 

HO 

ho 

<\j 

1 

t 

• 

r 

i 

1 

1 

1 

l 

Y 

1 

i 

CO 

.  -I 

-J 

k 

• 

• 

r *- 

CT 

• 

1 

L  » 

k 

fO 

•4 

CJ 

CM 

►4 

k 

H 

r4 

• 

• 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

in 

O' 

OD 

IL 

k 

*4 

.4 

H 

r4 

— i 

xil 

♦  4 

U0 

HI 

cr 

MJ 

0 

i  4 

r- 

o 

o 

U 

M3 

k 

k 

1 

1 

• 

1 

M 

cr.’ 

o 

JO 

r-* 

m 

uo 

n 

»-4 

r- 

k 

*  \J 

«f 

• 

r  j 

• 

k 

a. 

H) 

m 

vU 

r- 

03 

V 

r- 

M3 

k 

—4 

-4 

»4 

nj 

k 

« 

k 

vJ 

II 

M 

II 

1! 

1 

1 

i 

1 

i 

1 

• 

i 

i 

i 

1 

i 

13 

*4 

r4 

• 

1 

*  • 

CL 

-J 

-i 

04 

u. 

U. 

lJ 

• 

• 

• 

• 

# 

• 

• 

• 

• 

• 

• 

n- 

CJ 

in 

k 

o 

-A 

A 

_/ 

QU 

O' 

W 

f*- 

<r 

M3 

«-4 

o 

O 

CM 

HO 

HO 

or 

Q 

a 

W4 

<r 

r- 

ON 

M) 

CM 

H- 

H 

cr 

O' 

l/J 

'0 

• 

HO 

• 

• 

o 

CL 

Osl 

H0 

k- 

U> 

M3 

-0 

r- 

X 

m 

k 

CM 

h4 

•4 

*4 

• 

o 

a 

a. 

1 

1 

i 

1 

i 

1 

i 

1 

i 

1 

i 

1 

ro 

4 

O 

z 

z 

< 

< 

o 

• 

1 

z 

o 

o  <_> 

» 

00 

<. 

•  • 

Ui 

X 

Li 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

o 

Y— 

UJ 

Q 

-j 

o 

H- 

H- 

X 

CM 

<r 

M3 

30 

U 

CM 

-k 

X 

k 

fM 

X 

-J 

z 

-J 

U- 

CO 

•« 

o 

c 

*/) 

l/> 

a. 

u 

<4 

CM 

HO 

4k 

M3 

r- 

X 

O' 

H 

HO 

in 

►4 

u. 

a 

o 

>* 

<_> 

< 

-J 

—J 

z 

H 

H 

*4 

o 

jJ 

_j 

o 

-J 

<  ) 

-I 

UJ 

* 

co 

*— • 

•a 

n 

o 

l0 

— J 

371 


■$S&} 

•®?s 

wta* 


il 


«• r-  * 


'.VI 


WJ 

fo’^3 


7^3 
*-C  ■ 


.V.s 


1 


■  rw  f-X  TUI  PVM  W  WH  V*  LM  WWV\ IV'.v' \WlV.*V 


4 

X. 

c  > 

fO 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

9 

•ft 

T- 

4 

t* 

n 

•ft 

r— 

r-. 

m 

—ft 

ro 

ro 

o 

•ft 

l.l 

r  i 

r-. 

*r\ 

m 

♦ 

\ft 

<r 

•O 

•o 

ni 

• 

•n 

9 

X 

O 

►o 

in 

^■o 

CO 

cn 

in 

CM 

•ft 

-H 

CJ 

ft- 

o 

IX 

►-« 

Ul 

o 

ft 

(Y. 

J 

9 

n 

1 

« 

* 

* 

r* 

IU 

Ul 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

9 

O 

r- 

X 

« 

n 

u. 

m 

_l 

_l 

•ft 

►o 

ct 

OJ 

r* 

OJ 

CM 

ro 

^ft 

4 

4 

* 

M 

.'ft  i-ft 

in 

X 

ft 

<T\ 

•ft 

O' 

rO 

X 

ro 

9 

in 

9 

<30 

« 

CL 

n. 

<M 

ro 

in 

vft 

m 

N» 

'D 

Ml 

CM 

•ft 

H 

on 

O' 

« 

O 

H 

« 

9 

1 

e«- 

•» 

« 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

9 

AJ 

4 

« 

-J 

O' 

m 

tn 

•ft 

CT' 

o 

•tf- 

O 

ro 

•4* 

CM 

00 

H 

♦ 

»-<  X 

•ft 

X 

O' 

O 

o 

O' 

ro 

rj 

o 

9 

IT) 

9 

« 

CL 

ro 

•• 

m 

n- 

'T 

X 

00 

CO 

in 

<M 

•ft 

•ft 

•ft 

>• 

« 

-ft 

« 

9 

f 

« 

1 

« 

UJ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

9 

C\l 

n 

ro 

>- 

* 

-1 

X 

•X) 

•ft 

»o 

'tf- 

o 

O' 

<r 

CM 

o 

4* 

X 

o 

o 

-ft 

►ft  O 

O' 

IO 

o 

■» 

n 

X 

L3 

O' 

o 

O 

r- 

9 

in 

9 

s> 

ft 

iO 

a. 

ro 

in 

ao 

O' 

O' 

Cj 

X 

r^ 

in 

•ft 

•ft 

•ft 

in 

H 

>— 

ft 

_J 

</) 

•ft 

o 

rft 

•A 

00 

« 

a. 

9 

;  J 

ft 

O’) 

ji 

M 

i 

a 

V- 

ft 

a. 

o 

y 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

<M 

rO 

<M 

ro 

ft 

V  t 

I 

_l 

ftj 

o 

r  > 

n 

nj 

fO 

* 

4 

n 

O' 

o 

1 

ft 

y 

o 

X 

►ft  u» 

*■ 

•ft 

X 

CM 

CT' 

CM 

in 

m 

• 

4 

• 

m: 

«* 

ft 

< 

u 

CL 

ro 

in 

0 

X 

T) 

ro 

r*- 

in 

CM 

•ft 

^ft 

<M 

•> 

o 

ft 

o 

2 

•ft 

-J 

ft 

_i 

-J 

♦— 1 

9 

i^j 

ft 

• 

_i 

_J 

ft 

«•  i 

u 

•» 

i.J 

• 

• 

• 

• 

• 

• 

• 

+ 

• 

• 

• 

o 

4 

ft 

►ft 

<x 

ft 

o 

_J 

CO 

-j 

O' 

<T 

> 

•ft 

O' 

rO 

X 

N 

4- 

O' 

in 

OJ 

or 

ft 

►ft 

ft* 

M  IM 

rO 

ON 

a 

lO 

Cvl 

iM 

m 

CM 

9 

4 

9 

ui 

ft 

c\ 

1) 

a- 

ro 

If » 

r- 

r> 

O' 

<T\ 

r- 

»r> 

CM 

ft 

— «< 

M 

2 

►- 

ft 

<i 

-*J 

O 

•ft 

o 

< 

ft 

*  j 

li- 

X 

9 

►- 

_j 

ft 

-J 

'  J 

o 

1 

CO 

ft 

X 

Ui 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

9 

O' 

•ft 

C- 

3 

X 

ft 

«  X 

_i 

K) 

.o 

o 

X 

•0 

o 

K> 

<x> 

r- 

CM 

X 

r* 

o 

ft 

M 

-r> 

.0 

to 

o 

►  ft  n 

•ft 

■ct* 

00 

® 

r*- 

,n 

ro 

X 

'0 

on 

9 

i  n 

• 

X 

nc 

ft 

m 

r*\ 

l.l 

l.l 

ft- 

in 

n 

r^. 

m 

fTV 

O' 

<T\ 

•ft 

•ft 

—ft 

4 

li 

ft 

T. 

T 

ftft 

o 

•ft 

ft 

T- 

X. 

O 

o 

o 

9 

<t 

ft 

O 

o 

2 

i 

ft 

or 

fr 

H 

►  -4 

*.  I  Ui 

• 

• 

• 

• 

« 

• 

• 

• 

• 

m 

9 

4* 

cc 

ro 

ft 

u. 

u_ 

-j 

rO 

•ft 

Ui 

ro 

GO 

rO 

a 

O' 

X 

in 

X 

4- 

ro 

•ft 

o 

ft 

in 

CJ 

•ft  o 

O' 

rO 

m 

in 

o 

X 

O' 

• « 

9 

4 

9 

ft 

ro 

iM 

4 

r*- 

a- 

CM 

•a- 

IT) 

vft 

r- 

X 

vTJ 

\n 

Csi 

ft 

ft 

—ft 

iO 

ft 

ari 

CNJ 

io 

cm 

r  » 

-ft 

-1 

■* 

• 

ft 

ft- 

9 

u; 

ft 

o 

O' 

-0 

K> 

1 

M 

ft 

•ft 

o 

ft 

ft 

WkJ 

• 

• 

t 

• 

• 

• 

« 

• 

• 

• 

9 

o 

K) 

'0 

u. 

ft 

*S 

•  * 

-ft 

-ft 

-J 

in 

ro 

-tf- 

CJ 

cr 

cn 

n* 

O' 

O' 

4 

4 

ll. 

ft 

.  ft  nr. 

vft 

cm 

•  ft 

O' 

o 

on 

r^- 

•o 

•>• 

in 

9 

in 

9 

ft 

a. 

CM 

ii> 

m 

r» 

vO 

fM 

ft 

•ft 

o 

♦ 

« 

ft 

O 

)i 

ii 

II 

it 

t' 

-•« 

CM 

9 

o 

0. 

J 

-J 

1 

H 

o 

U- 

LL 

uJ 

• 

t 

• 

• 

• 

• 

• 

• 

• 

9 

9 

a 

CM 

O' 

4 

o 

UJ 

— J 

-1 

ao 

CM 

ui 

ro 

rO 

in 

X 

r~ 

X 

in 

<»■ 

O' 

X 

cy 

o 

o 

M  < 

r- 

m 

O' 

CJ 

o 

c0 

r^- 

O' 

ro 

H 

O' 

9 

4 

9 

• 

O 

ft 

OJ 

>* 

'*0 

r^- 

r- 

r** 

r- 

n 

•ft 

H 

—ft 

C_» 

• 

o 

u. 

a. 

a 

•ft 

o 

2 

<* 

o 

9 

z 

o 

o 

CJ 

» 

eft 

«1 

•  * 

1 

lu 

X 

^4 

• 

• 

• 

• 

• 

• 

• 

• 

« 

9 

9 

V' 

r— 

IU 

a 

-1 

o 

►- 

»- 

K 

X 

CM 

•- 

X 

00 

CJ 

CM 

>r 

X 

<r 

CJ 

X 

_i  2 

-j 

a. 

Q 

< 

U 

ft! 

CO 

cO 

CL 

CJ 

-1  CM 

ro 

4- 

X 

r- 

X 

O' 

H 

m 

m 

•ft 

u 

o 

< 

o 

>* 

o 

ftt 

ftJ 

U 

2 

•ft 

ft 

•ft 

r- 

o 

IX 

-i 

-J 

CJ 

-J 

Ui 

*« 

o 

M 

A 

n 

(A 

-J 

./'•.v 

<V^ 

r- 


v 

isss* 


.v«> 
•  -A 
■'-A 


tVv' 

KV 

.  •■>;.• 


Vv\< 

\  \  ..V ; 


KV 

<<& 


-m 

>  v"v 


/•>> 


fVA 

-•  .*-  „■* 


-'-A''.- 

vV', 


V-'V.V 

;^s 

v  v'A 
;W 

•i'VN  ,N 
*  .  ^ •  _  ( 
U»  -N  f\ 


>.  \ 

.*.  •*.  ■*. 


AD-A193  498 


UNCLASSIFIED 


BEHAVIOR  OF  A  LARGE-SCALE  PILE  GROUP  SUBJECTED  TO 
CVCLIC  LATERAL  LOADING.  .  <U>  TEXAS  UNIV  AT  AUSTIN 
GEOTECHNICAL  ENGINEERING  CENTER  D  A  BROUN  ET  AL. 
FEB  88  HES/HP/GL-88-2  DACH39-82-C-8861  F/G  13 


rtJUST.'.N  PILC  3*iuP  STUDY 

FIL'LD  DATA  MOM  LAT.P'aL  LOAD  TLST  OF  *4Y  17*  1984 
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